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PREFACE TO THE AMERICAN EDITION. 



Fob the benefit of those who attended his leoiures on 
Light and Electricity at the Kojal Institution, Fro£ 
Tyndall prepared with much care a series of Notes, sum- 
ming up briefly and clearly the leading facts and princi- 
ples of these Bciences, The Kotes proved so serviceable 
to those for whom they were designed, that they were 
widely sought by students and teachers, and Prof. 
Tyndall accordingly had them reprinted in two small 
books. Under the conviction that they will be equally 
appreciated by instructors and learners in this country, 
they are here combined and i^published in a single 
Tolume. 

No intelligent teacher or earnest student needs to h» 
reminded of the i mportanc e of repetiti on and recapitula- 
tion to give permanence to niental impreggicitis. But it is 
neither possible nor desirable to retain in the memory 
the copious details which may be necessary to the first 
comprehension of a subject. Hence, after listening to 
a course of lectures, or going through an extended work 
in which facts, experimental proofs, and speculations, have 



1 PREFACE TO THE AJfEBICAN EDmOir. 

been elaborately presented, it is invaluable to retraverse 
the field, conc entratin g attention upon the pro minent 
and es tablia hed prindfles of the subject. This is an in- 
dispensable conditirai of all solid ac qnisition ; and, in thna 
eiaalj and sharply stating the fdndamental principles of 
Electiical and Optical Science, Pro£ Tyndall has earned 
the cordial thanks of all interested in education. 

Sww Tott, JfrO, 187 L 
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NOTES 

OF A COURSE OF NINE LECTUSES ON 

LIGHT. 



KOTES ON 



LIGHT. 



General Conaideratiom, Rectilinear Propagation of 
Idgkt. 

1. The anoienta snppOBed light to be produced and 
ViBton excited by something emitted from the eye. The 
moderns hold vision to be excited by something that 
strikes the eye from without. What that something is 
we shall consider more closely subsequently. 

3. Luminous bodies are independent sources of light, 4 
They generate it and emit it, and do not receive their 
light from other bodies. The sun, a star, a candle-flame, 
are examples. 

3. JUuminated bodies are sach as receive the light by 
"which they are seen team, luminous bodies. A house, a 
tree, a man, are examples. Such bodies scatter in all 
directions the light which they receive ; this light reaches 
the eye, and through its action the Ulumiuated bodies are 
rendered visible. 

4. All illuminated bodies scatter or reflect light, and 
they are distinguished from each other by the excess or 
defect of light which they send to the eye. A white cloud 
in a dark-blue firmament is distinguished by its excess of 
light ; a dark pine-tree projected against the same cloud is 
distinguished through its defect of light. 

5. Look at any point of a visible object. The light 
comes from that point in straight lines to the eye. The 
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linen of light, or rays as they are called, that reach the 
pnpil form a cone, with the pupil for a base, and with the 
point for an apex. The poiot is always seen at the jilace 
where the rays which form the surface of this cone inter- 
sect each otheff or, as we shall learn immediately, where 
they seem to intersect each other. 

6. Light, it has just been said, moves in straight lines ; 
you see a lununous object by means of the rays which it 
sends to the eye, but you cannot see round a comer. A 
small obstacle that intercepts the view of a visible point 
Is always in the straight line between the eye and the 
point. In a dark room let a small hole be made in a win- 
dow-shutter, and let the sun shine through the hole. A 
narrow luminous beam will mark its course on the dust 
of the room, and the track of the beam will be perfectly 
straight. 

7. Imagine the aperture to dimintBh in size until the 
beam passing through it and marking itself upon the dust 
of the room shall dwindle to a mere line in thickness. In 
this condition the beam is what we call a ray of light. 

Formation of Images through SmaU Apertures. 

8. Instead of permitting the direct sunlight to enter 
the room by the small aperture, let the light from some 
body illuminated by the sun — a tree, a house, a man, for 
example — be permitted to enter. Let this light be re- 
ceived upon a white screen placed in the dark room. 
Every visible point of the object sends a straight ray of 
light through the aperture. The ray carries with it the 
color of the point from which it iasuea, and imprints the 
color upon the screen. The sura total of the rays falling 
thus upon the screen produces an inverted image of that 
object. The image is inverted because tlie rays cross each 
other at the aperture. 
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9. Enperimental lUustration, — Place a lighted oandle 
m a email camera with a small orifice in one of its gide», 
or a large one covered by tin-foil. Prick the tin-foil with 
a needle; the inverted image of the flame will immediate- 
ly appear upon a screen placed to receive it. By ap- 
proaching the camera to the screen, or the screen to the 
camera, the size of the image is diminished ; by augment- 
ing the distance between thero, the size of the image is 
increased. 

10. The boundary of the imago is formed by drawing 
from every point of the outline of the object straight lines 
through the aperture, and producing these lines until they 
cut the screen. This could not be the case if the straight 
lines and the light rays were not coincident, 

11. Some bodies have the power of permitting light to 
pass freely through them; they are transparent bodies. 
Others have the power of rapidly quenching the light that 
enters them ; they are opaque- bodies. There is no such 
thing as perfect transparency or perfect opacity. The 
purest glass and crystal quench Sbme rays ; the most 
opaque metal, if tfaiu enough, permits some rays to pass 
through it. The redness of the London sun in smoky 
weather is due to the partial transparency of soot for the 
red light. Pure water at great depths is blue ; it quenches 

more or less the red rays. Ice when seen in large masses 

in the glaciers of the Alps is blue also. 

Shadovia. 

12. As a consequence of the rectilinear motion of light, 
opaque bodies cast shadows. If the source of light be n 
pointf the shadow is sharply defined ; if the source be 
a luminous surface, the perfect shadow is fringed by an 
imperfect shadow called a, penumbra. 

13. When light emanates from a point, the shadow of 



14 



NOTES ON LIGHT. 



s sphere placed in the light is a divergttf^ cone sharply 
defined. 

14. When light emanatea from a luminous glolte, the 
perfect shadow of a sphere equal to the globe in size will 
be a cylinder / it will be bordered by a penumbra. 

15. If the luminous sphere be the larger of the two, 
tlie perfect shadow will be a convergent cone/ it will be 
flurrounded by a penumbra. This is the character of the 
flhadowB cast by the earth and moon in space ; for the sun 
is a sphere larger than either the earth or the moon. 

18, To an eye placed in the true conical shadow of the 
moon, the sun is totally eclipsed ; to an eye in the penum- 
bra, the sun appears horned ; while to an eye placed be- 
yond the apex of the conical shadow and within the space 
enclosed by the surface of the oone produced, the eclipse 
is annular. All these eclipses are actually aeon from time 
to time from the earth's surface. 

17, The influence of magoitude may be experimentally 
illustrated by means of a bat*s-wiug or fish-tail flame ; or 
by a flat oil or paraffiue flame. Holding an opaque rod 
between the flame and a white screen, the shadow is sharp 
when the ed^e of the flame is turned toward the rod. 
When the broad aui'face of the flame is pointed to the 
rod, the real shadow is Mnged by a penumbra. 

18. As the distance from the screen increases, the 
penumbra encroaches more and more upon the perfect 
shadow, and finally obliterates it. 

10. It is the angular magnitude of the sun that de- 
■troya the sharpness of solar shadows. In sunlight, for 
example, the shadow of a hair is sensibly washed away at 
a few inches distance from the surtace on which it &lls. 
The electric light, on the contrary, emanating as it does 
from small carbon points, casts a defined shadow of a hair 
upon a screen many feet distant. 
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Bhjeeblement of l^ight by Distance^ Law of Jnverae 
Sguaret. 

20. Ligbt diminiahes in intensity as we recede from 
tliG source of light. If the luminous source be a pointy 
the intensity diminishes as the square of the distance in- 
creases. Calling the quantity of light falling upon a given 
surface at the distance of a foot or a yard — 1, the quantity 
falling on it at a distance of 2 feet or 2 yards is ^, at a 
distance of 3 feet or 3 yards it ie ^, at a distance of 10 feet 
or 10 yards it would be -jj^r, and so on. This is the mean- 
ing of the law of invertse squares as applied to light. 

31, Mx^enmentcd lUmtrations.—Vhice your source of 
light, which may he a candle-flame — though the law is in 
strictness true only for points — at a distance say of 9 feet 
from a white screen. Hold a square of pasteboard, or 
some other suitable material, at a distance oi 2^ feet from 
the flame, or Jth of the distance of the screen. The square 
casts a shadow upon the screen, 

* 22. Assure yourself that the area of this shadow is 
sixteen times that of the square which caste it ; a student 
of Euclid will see in a moment that this must be the case, 
and those who are not geometers can readily satisfy them- 
Belves by actual measurement. Dividing, for example, 
each side of a square sheet of paper into four equal parts, 
and folding the sheet at the opposite points of division, a 
small square is obtained ^th of the area of the large one. 
Let this small square, or one equal to it, be your shadow- 
easting body. Held at 2J- feet from the flame, its shadow 
upon the screen 9 feet distant will be exactly covered by 
the entire sheet of paper. When, therefore, the small 
square is removed, the light that fell upon it is difl'used 
over sixteen times the area on the screen; it is tlierefora 
diluted to ^th of its former intensity. That is to say, by 
S 
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sugmeiiting the distance foorfold we dimmish the light 
Bixteenfold. 

23. Make the same experiment by placing a square at 
a diBtance of 3 feet from the Bource of light and 6 fruia 
the Bcreen, • The shadow now cast by the square will have 
nine times the are^ of the square itself ; hence the tight 
falling on the square is diffused over nine times the surface 
upon the screen. It is, therefore, reduced to -Jth of its 
intensity. That is to say, by trebling the distance from 
the source of light we di/iinish the light ninefold. 

24. Mftke the same experiment at a distance of H feet 
from the source. The shadow here will be four times the 
area of the shadow-casting square, and the light diffused 
over the greater square will be reduced to Jth of its 
former intensity. Thus, by doubling the distance ftiam 
the source of light we reduce the intensity of the light 
fourfold, 

25. Initead of beginning with a distance of 2 J feet 
from the source, we might have begun with a distance of 
1 foot. The area of the shadow in tliis case would be 
eighty-one times that of the square whicli casts it ; prov- 
ing that at 9 feet distance the intensity of the light is 

of what it is at 1 foot distance. 

26. Thus when the distances are 

1, 2, 3, 4, 5, 6, 7, 8, 9, etc., 
the relative intensities are 

^1 h h tV) iV) TtV) "BV) 

This is the numerical cKpression of the law of inverse 
squares. 

I — Photometry, or the Measurement of lAglii. 

27. The law just established enables us to compare 
one light with another, and to express by numbers their 
relative illuminating powera. 
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28. The more iiitcnae a light, the darker is the shadow 
which it oaflls ; in other words, the greater is the contraet 
lielween the illuminated and unilluminated surface. 

29. Place an upright rod in front of a white screen and 
a candleilame at some distance behind the rod, the rod 
casts a shadow upon the screen. 

30. Place a second flame by the side of the first, a 
second shadow is cast, and it is easy to arrange matters 
BO that the shadows shall be close to each other, thus 
offering themselves for easy comparison to the eya If 
when the lights are at the same distance from the screea 
the two si J ado ws are equally dark, then the two lights 
have the same illuminating power. 

31. But if one of the shadows be darker than the other, 
It la because its corresponding light is brighter than the 
other. Kemove the brighter light farther from the screen, 
the shadows gradually approximate in depth, and at length 
the eye can perceive no difterence between them. The 
fihadow corresponding to each light is now illuminated 
by the other light, and if the shadows are equal it is be- 
cause the quantities of light cast by both upon the screea 
are equaL 

32. Measure the distances ot the two lights from the 
icreen, and square these distances. The two squares will 
express the relative illuminating powers of the two lights. 
Supposing one distance to be 3 feet and the other 5, the 
relative illuminating powers are as 9 to 35. 

Mriffhtneas, 

33. But if light diminishes so rapidly with the distance 
—if, for example, the light of a candle at the distance of & 
yard is 100 times more intense than at the distance of 10 
yards — how is it that on looking at lights in churches or 
theatres, or iu large rooms, or at our street-lamps, a light 
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10 yards off appears almost, if not quite, as bright as one 
close at hand ? 

34. To answer this question I must anticipate matters 
so far as to say that at the back of the eye is a screeu, 
woven of nerve-filaments, named the retina ; and that 
when we see a light distinctly, its image is formed upon 
this screen. This point will be fully developed when we 
come to treat of the eye. Now the sense of external 
brightness depends upon the brightness of this internal 
retinal image, and not upon its size. As we retreat from 
a light, its image upon the retina becomes smaller, and it 
is easy to prove that the diminution follows the law of 
inverse squares ; that at a double distance the area of 
the retinal image is reduced to one-fourth, at a treble dis- 
tance to one-ninth, and so on. The concentration of light 
accompanying this decrease of magnitude exactly atones 
for the diminution due to distance ; hence, if the air be 
clear, the light, within wide variations of distance, appears 
equaUj' bright to the observer. 

35. If an eye could be placed behind the retina, the 
augmentation or diminntion of the image, with the de- 
crease or increase of distance, might be actually observed. 
An exceedingly simple apparatus enables us to illustrate 
this point. Take a pasteboard or tin tube, three or four 
inches wide and three or four inches long, and cover 
one end of it with a sheet of tin-foil, and the other with 
tracing-paper, or ordinary letter-paper wetted with oil 
or turpentine. Prick the tin-foil with a needle, and 
turn the aperture toward a candle-flame. An inverted 
unage of the flame will be seen on the translucent paper 
screen by the eye behind it. As you approach the flame 
the image becomes larger, as yon recede from the flame the 
image becomes smaller; but the driffhtness remains through* 
out the same. It is so with the image upon the retina 



LIGHT REQTIIRES TIME TO PASS THROUGH SPACE, 19 

36. If a. sunbeam be permitted to enter a room throngli 
a email aperture, the spot of bght formed on a distant 
screen will be round, whatever be the shape of the aper- 
ture ; tbie curious effect is due to the angular magnitude 
of tbe sun. Were the sun s,poini,the light spot would be 
accurately of the same shape as the aperture. Supposing, 
then, the aperture to be square, every point of light round 
the sun's periphery sends a small square to the screen. 
These small squares are ranged round a circle correspond- 
ing to the periphery of the sun ; through their blending 
and overlapping they produce a rounded outline. The 
spots of light which fall through the apertures of a tree's 
foliage on the ground are rounded for the same reason, 

lAght requires Time to pass through Space. 

37. This was proved in 1675 and 1876 by an eminent 
Dane, named 01 af Rcemer, who was then engaged with 
Casgini iu Paris in observing tbe eclipses of Jupiter's 
muuns. The planet, whose distance from the sun is 475,- 
693,000 miles, has four satellites. We are now only con- 
cerned with the one nearest to the planet. Roemer watched 
this moon, saw it move round in front of the planet, pass 
to the other side of it, and then plunge into Jupiter's 
shadow, behaving Hke a lamp suddenly extinguished : at 
the other edge of the shadow he saw it reappear like a 
lamp suddenly lighted. The moon thus acted the part of 
a signal-light to the astronomer, which enabled him to 
tell exactly its time of revolution. The period between 
two successive lightings np of the lunar lamp gave this 
time. It was found to be 42 hours, 28 minutes, and 36 
■oconds. 

38. This observation was so accurate, that having de- 
tennined tbe moment when the moon emerged from the 
■hadow, the moment of its hundredth appearance could 
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alao be detenniDed. In fact, it would be 100 times 42 
hours, 28 minutes, 35 Beconda, from the first observa^ 
tion. 

39, Rcemer's first observation was made when the 
earth was in the part of its orbit nearest Jupiter. About 
§ix months afterward, when the little moon ought to make 
its appearance for the hundredtli time, it waa found un- 
puQctual, being fully 15 minutes behind ita calculated 
time. Its appearance, moreover, had been growing grad- 
ually later, as the earth retreated toward the part of its 
orbit moat distant from Juptt*. 

40, R(Bmer reasoned thus: "Had I been able to re- 
main at the other side of the earth's orbit, the moon might 
have appeared always at the proper inatant ; an observer 
placed there would probably have aeen the moon 15 
minutes ago, the retardation in my case being due to 
the fact that the light requires 16 minutes to travel from 
the place where my first observation was made to my 
present position." 

41, Tiiis flash of genius was immediately succeeded by 
another. " If this Burmiee be correct," Rcnmer reasoned, 
" then as I approach Jupiter along the other side of the 
earth's orbit, the retardation ought to become gradually 
less, and when I reach the place of my first observation 
there ought to be no retardation at all." He found this 
to be the case, and thus proved not only that light re- 
quired time to pass through space, but also determined 
its rate of propagation. 

43, The velocity of light as determined by Boemer is 
102,500 miles in a second. 

The Aberration of Light. 

The astounding velocity assigned to light by the oh" 
Hrvations of Hcemer received the most striking confirma* 
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tioQ from the English astronomor Bradley in tlie year 
1723. In Kew Gardens to the present hour there ie a 
Bundial to mark the spot where Bradley diacoyered the 
aberration of light. 

43. If we move quickly through a rain-shower which 
falls vertically downward, the drops will no longer seem 
to fall vertically, but will appear to meet us. A similar 
deflection of tlie stellar rays by the motion of the earth in 
its orbit is called the aberration of light. 

44. Knowing the Bpeed at which we move through a 
vertical rain-shower, and knowing the angle at which the 
rain-drops appear to descend, we can readily calculate tlie 
velocity of the faUing drops of rain. So, hkewise, know- 
ing the velocity of the earth in its orbit, and the deSec- 
tion of the rays of light produced by the earth's motion, 
we can immediately calculate the velocity of light. 

45. The velocity of light, as determined by Bradley, is 
181,515 miles per second — a most striking agreement with 
the reaalt of Effimer, 

46. This velocity has also been determined by experi- 
ments over terrestrial distances. M. Fizeau found it thus 
to be 194,677 miles a second, while the later experiments 
of M, Foucault made it 185,177 miles a second. 

47. " A cannon-ball," says Sir John Herschel, " would 
require seventeen years to reach the sun, yet light travels 
over the same space in eight minutes. The swiftest bird, 
at its utmost speed, would require nearly three weeks to 
make the tour of the earth. Light performs the same dis- 
tance in much less time than is necessary for a single 
stroke of its wing ; yet its rapidity is but commensurate 
with the distance it has to travel. It is demonstrable 
that light cannot reach our system from the nearest of the 
fixed stars in less than five years, and telescopes disclose 
to us objects probably many times more remote." 



Tfi* Rt^Uction of Light ( Catoptrics) — I' lane Mirr^trt. 

48. When light passes from ooe optical medium to an* 
other, ft portion of il is always tunied back or reflected. 

40. Light in regularly reflected by a pobshed surface ; 
Ifflt if thft Dorfacc ha not polished, the light is irrtgvloaiy 
reflected or mattered. 

M, 'fhuB a piece of ordinary drawing-paper will scat- 
ter ft bcain of light that falls upon it so as to illuminate a 
room. A plane mirror receiving the sunbeam will reflect 
it in a definite direction, and illuminate intensely a small 
porticm of the room. 

61. If the polish of the mirror were perfect it would 
1k! invisible, we should simply see in it the images of other 
objects ; if the room were without dust-particles, the 
twain passing through the air would also be invisible. It 
is the light scattered by the mirror and by the particles 
BORpcnded in the air which renders them Tisible. 

h'Zt A ray uf light striking as a perpendicular against 
a reflecting surface is reflected back along the perpen- 
dicuhir; it simply retraces its own course. If it strike 
the surface obliquely, it is reflected obliquely. 

53. Draw a perpendicular to the surface at the point 
where the ray strikes it ; the angle enclosed between the 
direct ray and this perpendicular is called the angle of in- 
cidence. The angle enclosed by the reflected ray and the 
perpendicular is called the angle of reflection. 

54. It IS a fnndamental law of optics that the angle of 
incidence is tqual to the an^le of reflection. 

Yeriflctition of the Law of Reflection. 

65. Fill a basin with water to the brim, the water be- 
ing blackened by a little ink. Let a small plummet — 
a Hmall lead bullet, i'or example — ^suspendfd by a thread, 
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hang into the water. The water is to be our horizontal 
mirror, and the plumb-line our perpendicular. Let the 
plummet hang from the centre of a horizontal scale, with 
inches marked upon it right and left from the point of 
Huspension, which is to be the zero of the scale. A lighted 
candle is to be placed on one side of the plumb-line, the 
observer's eye being at the other, 

56. The question to be solved is this : How is the ray 
which strikes the liquid surface at the foot of the plumb- 
line reflected ? Moving the candle along the scale, so that 
the tip of its flame shall stand opposite dilferent numbers, 
it is found that, to see the reflected tip of the flame in tits 
direction of the foot of the plumb-line, the line of vision 
mast cut the scale as far on the one side of that line as the 
candle is on the other. In other words, the ray reflect- 
ed from the foot of the perpendicular cuts the scale 
aecoratety at the candle'a distance on the other side 
of the perpendicular. From this it immediately follows 
that the angle of iacidence is equal to the angle of reflec- 
tion. 

67. With an artificial horizon of this kind, and employ- 
ing a theodolite to take the necessary angles, the law has 
been established with the most rigid accuracy. The angle 
of elevation to a star being taken by the instrument, the 
telescope ia then pointed downward to the image of the 
star reflected from the artificial horizon. It is always 
found that the direct and reflected rays enclose equal 
angles with the horizontal axis of the telescope, the reflected 
ray being as far below the horizontal axis as the direct ray 
is above it. On account of the star's distance the ray 
which strikes the rtifleoting surface is parallel with the ray 
wliich reaches the telescope directly, and from thia follows, 
by a brief but rigid demonstration, the law above enua- 
oiated. 
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68. The path described by the direct and reflected ray* 
i& the shortest possible. 

59. When the reflecting surface is roughened, rays from 
different points, more or less distant from each other, reach 
the eye. Thus, a breeze crisping the surface of the Thamo» 
or Serpentiiie eenda to the eye, inatead of single images 
of the lamps upon their margin, pillars of light. Blowing 
upon our basin of water, we also convert the reflected light 
of our candle into a luminous column. 

60. Light is reflected with diflerent energy by different 
BubstanccB, At a perpendicular incidence, only 18 raya out 
of every 1,000 are reflected by water, 25 rays per 1,000 by 
glass, while 668 per 1,000 are reflected by mercury. 

61. When the rays strike obliquely, a greater amount 
of light than that stated in 60, is reflected by water and 
glass. Thus, at an incidence of 40°, water reflects 22 rays ; 
at 60% 65 rays ; at 80°, 333 raya ; and at 891° (almost 
grazing the surface), it reflects 121 raya out of every 1,000. 
This is as much as mercury reflects at the same incidence. 

63. The augmentation of the light reflected as the 
obliquity of incidence is increased may be illustrated by 
our basin of water. Hold the candle so that its rays en- 
close a large angle with the liquid surface, and notice the 
brightness of its image. Lower both the candle and the 
eye until the direct and reflected rays as nearly as possible 
graze the liquid surface ; the image of the flame is now 
much brighter than before, 

Meflection from JjOoMng-glasses. — Various instructive 
experiments with a looking-glass may be here performed 
ftnd understood, 

63. Note first when a candle is placed between the glasi 
and the eye, so that a line from the eye through the candle 
is perpendicular to the glass, that one well-defined image 
of the candle only is seen. 
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64. Let the eye now be moved bo a,s to receive an ob- 
lique reflection ; the image is no longer single, a series of 
images at first partially overlapping each other being seen. 
By rendering the incidence sufficiently oblique theso 
images, if the glass be sufficiently thick, may be completely 
separated from each other. 

65. The first image of the series arises from the reflection 
of the light from the anterior Buiface of the glass. 

66. The second image, which is usually much the bright- 
est, arises from reflection at the silvered surface of the glass. 
At large incidences, as we have just learned, metallic re- 
flection far transcends that from glass. 

67. The other images of the series are produced by the 
reverberation of the light from surface to surface of the 
glass. At every return from the silvered surface a portion 
of the light quits the glass and reaches the eye, forming 
an image ; a portion is also sent back to the silvered sur- 
face, where it is again reflected. Pait of this reflected 
beam also reaches the eye and yields another image, This 
process continues : the quantity of light reaching the eye 
growing gradually less, and, as a consequence, the succes* 
rive images growing dimmer, until finally they become too 
dim to be visible. 

88. A very instructive experiment illustrative of the 
augmentation of the reflection from glass, through aug- 
mented obliquity, may here be made. Causing the candle 
and the eye to approach the looking-glass, the first image 
becomes gradually brighter ; and you end by rendering 
the image reflected from the glass brighter, more lumi- 
nous, than that reflected from the metal. Irregularities in 
the reflection from looking-glasses often show themselves ; 
but with a good glass — -and there are few glasses so de» 
fective as not to possess, at all events, some good portions 
—the succession of images is that here indicated. 
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69. Position and Character of Images in Mane Mir- 
rora, — The image in a plane mirror appears as far behind 
the mirror as the object is in front of it. This follows im- 
mediately from the law which announces the equality of 
the angles of incidence and reflection. Draw a line repre- 
senting the section of a plane mirror ; place a point in front 
of it, Rays issue from that point, are reflected from the 
mirror, and strike the pnpil of the eye. The pupil is the 
base of a cone of such rays. Produce the rays backward ; 
they will intersect behind the mirror, and the point will 
be seen as if it existed at the place of intersection. The 
place of intersection is easily proved to be as far behind 
the mirror as the point is in front of it. 

To, Exercises in determining the positions of images in 
a plane mirror, the positions of the objects being given, 
are here desirable. The image is always found by simply 
letting fall a perpendicular from each point of the object, 
and producing it behind the mirror, so as to make the part 
behind equal to the part in front. We thus learn that the 
image is of the same size and shape as the object, agreeing 
with it in all respects save one — the image is a lateral in- 
version of the object. 

71. This inversion enables us, by means of a mirror, to 
read writing written backward, as if it were written in the 
usual way. Compositors arrange their type in this back- 
ward fashion, the type being reversed by the process of 
printing. A looking-glass enables us to read the type as 
the printed page. 

72. Lateral inversion comes into play when we look at 
our own faces in a glass. The right cheek of the object, 
for example, is the left cheek of the image ; the right hand 
of the object the left hand of the image, etc. The hair 
parted on the left in the object is seen parted to the rigiit 
of the image, etc. 
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73, A plane mirror half the height of an oLject gives 
»n image which embraces the whole height. This is readily 
deduced from what has gone before. 

74, If a plane mirror be caused to move parallel with 
itself, the motion of an image in the miiTor moves witt 
twice its rapidity. 

75, The same is true of a rotating miiTor : when a 
plane mirror is caused to rotate, the angle described by 
the image is twice that described by the mirror, 

76, In a mirror inclined at an angle of 45 degrees to 
the horizon, the image of an erect object appears hori- 
Bontal, while the image of a horizontal object appears 
erect. 

77, An object placed between two mirrors enclosing 
an angle yields a number of images depending upon the 
angle enclosed by the mirrors. The smaller the angle, the 
greater is the number of images. To find the number of 
images, divide 360° by the number of degrees in the angle 
enclosed by the two mirrors, the quotient, if a whole 
number, will be the number of images, plus one, or it will 
include the images and the object. The construction of 
the kaleidoscope depends on this, 

78, When the angle becomes — in other words, when 
the mirrors are parallel — the number of images is infinite. 
Practically, however, we see between parallel mirrors a 
long succession of images, which become gradually feebler, 
and finally cease to bo sensible to the eye. 

R^ection from Curved Surfaces : Concave Mirrors. 

79, It has been already stated and illustrated that light 
iiioves in straight lines, which receive the name of rays. 
Such rays may he either divergent, parallel, or convergent, 

60. Rays issuing from terrestrial points are necessarily 
divergent. Rays from the sun or stars arc, in consequence 
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of the immense diatances of these objects, sensibly par^ 
allel. 

81. By suitably reflecting tliem, we can render the 
rays from terrestrial sources cither parallel or convergent. 
This ia done by means of concave mirrors. 

82. In its reflection from such mirrors, light obeys the 
law already enunciated for plane mirrors. The angle of 
inoidence is equal to the angle of reflection. 




83. Let M N be a very small portion of the circum- 
ference of a circle with its centre at O. Let the line a x, 
passing through the centre, cut the arc M into two equal 
parts at a. Then imagine the curve M 'N twirled round 
oa:as a fixed axis; the curve would describe part of a 
spherical surface. Suppose the surface turned toward x to 
be silvered over, we should then have a concave spherical 
reflector ; and we have now to understand the action of 
this reflector upon light. 

84. The line axis the principal axis of the mirror. 

85. All rays from a point placed at the centre strike 
the surface of the mirror as perpendiculars, and after re- 
flection return to O. 

86. A luminous point placed on the axis beyond O, say 
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It a:, tLrows a divergent cone of rays upon the mirror. 
These rays are rendered conve^ent on reflection, and they 
intersect each other at some point on the axis between the 
centre O and the mirror. In every case the direct and the 
reflected rays (asm and mx' for example) enclose equal 
angles with the radius (O m) drawn to the point of inci- 
dence. 

87. Supposing a; to be exceedingly distant, say as fer 
away as the sun from the small mirror — or, more cor- 
rectly, supposing it to be infinitely distant — then the rays 
falling upon the mirror will be parallel. After reflection 
Bnch rays intersect each other, at a point midway betwe^ 
the mirror and its centre. 

68. Thia point, which is marked F in the figure, is the 
principal focus of the mirror ; that is to say, the principal 
focus is the focus of paraUel rays, 

89. The distance between the surface of the mirror and 
its principal focus is called tbe focal distance, 

90. In optics, the position of an object and of its image 
are always exchangeable. If a luminous point be placed 
in the principal focus, the raya from it will, after reflection, 
be parallel. If the point be placed anywhere between the 
principal focus and the centre O, the rays after reflection 
will cut the axis at some point beyond the centre. 

91. Kthe point be placed between the principal focus 
F and the mirror, the rays after reflection will be divergent 
— they will not intersect at all — there will be no real focus. 

92. But if these divergent rays be produced backward, 
they will intersect behind the mirror, and form there what 
la called a virtual, or imaginary focus. 

Before proceeding further, it is necessary that theaa 
simple details should be thoroughly mastered. Given tha 
position of a point in the axis of a concave mirror, no dif' 
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ficnlt^ mast be experienced in finding the position of tKfl 
image of that point, nor in determining whether the focus 
is virtual or real. 

93. It will thus become evident that, while a point 
moves from aa infinite distance to the centre of a spherical 
miiTor, the image of that point moves only over the dis- 
tance between the principal focus and the centre. Con- 
versely, it will be seen that during the passage of a lumi- 
nous point from the centre to the principal focus, the 
image of the point moves from the centre to an infinite 
distance. 

94. The point and its image occupy what are called 
conjugate foci. If the last note be understood, it will be 
seen that the conjugate foci move in opposite directions, 
and that they coincide at the centre of the mirror. 

95. If instead of a point an object of sensible dimen- 
sions be placed beyond the centre of the mirror, an in- 
verted image of the object diminished in size will be 
fonned between the centre and the principal focus. 

96. If the object be placed between the centre and the 
principal focus, an inverted and magnified image of the 
object will be fonned beyond the centre. The positions 
of the imago and its object are, it will be remembered, 
convertible. 

97. In the two cases mentioned in 95 and 06 the image 
is formed in the air in front of the mirror. It is a reed 
image. But if the object be placed between the principal 
focus and the mirror, an erect and magnified image of the 
object is seen behind the mirror. The image is here virtuaL 
The rays enter the eye aa i^they came from an object hfr 
hind the mirror. 

98. It is plain that the images seen in a common look- 
ing-glass are all virtual images. 

S9, It is now to be noted that what has been here 
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stated regarding the gathui'ing of rays to a singU /bcua 
by a spherical mirror is only true when the mirror forma 
a small fraction of the spherical surface. Even then it 18 
ftnly practically, not strictly and theoretically, true. 

Camtic8 by Mejlection ( Catacausties), 

100. When a large fraction of the spherical surface is 
employed as a mirror, the rays are not all collected to a 
point ; their intersections, on the contrary, form a lumi- 
nous surface, which in optics is called a caustic (German, 
Brennflache), 

101. The interior surface of a common drinking-glass 
is a curved reflector. Let tlie glass be nearly iiUed with 
milk, and a lighted candle placed beside it; a caustic 
cnrve will be drawn upon the surface of the milk. A 
carcftilly-bent hoop, silvered within, also shows the caustic 
very beautifully. The focus of a spherical mirror is the 
isiitsp of its caustic. 

102. Aherration. — The deviation of any ray from this 
cusp is called the 'aberration of the ray. The inability of 
a spherical mirror to collect all the rays falling upon it 
to a single point is called the sp/terieal aberration of the 
mirror, 

103. Real images, as already stated, are formed in tha 
air in front of a concave mirror, and they may be seen 
in the air by an eye plaood among the divergent rays be- 
yond the image. If an opaque sci-een, say of thick paper, 
intersect the image, it is projected on the screen and is 
seen in all positions by an eye placed in front of the screen. 
If the screen be semi-transparent, say of ground glass or 
tracing-paper, the image is seen by an eye placed either in 
front of the screen or behind it. The images in phantas- 
magoria are thus formei 

Concave spherical surfaces are usually employed as 
3 
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burning-mirrors. By condensimg the sunbe&mB witli « 
mirror 3 feet in diameter and of 2 feet focal distance, vwy 
powerful elfectB may be obtained, At the focus, water ia 
rapidly boiled, and combustible bodies are immediately 
Bet on fire. Thick paper bursts into flame with explosive 
violence, and a plank is pierced as with a hot iron, 

Conveas Mirrora. 

104. In the case of a conv^ Bpherical mirror the posi- 
tion b of its foci and of its images are found as in the casa 
of a concave mirror. But all the foci and all the images 
of a convex mirror are virtual. 

t05. ThuB to find the principal focus you draw parallel 
rays which, on reflection, enclose angles with the radii 
equal to those enclosed by the direct rays. The reflected 
rays are here divergent; but on being produced back- 
ward, tbey intersect at the principal focus behind the 
mirror. 

106. The drawing of two lines suffices to fir the posi- 
tion of the image of any point of an object either in con- 
cave or convex spherical mirrors, A rB,y drawn from the 
point through the centre of the mirror will be reflected 
through the centre ; a ray drawn parallel to the axis of 
the mirror will, after reflection, pass, or Its production 
will pass, through the principal focus, Tlie intersection 
of these two reflected rays determines the position of the 
image of the point. Applying this construction to objects 
of sensible magnitude, it follows that the image of an 
object in a convex mirror is always ereci and diminished, 

107. If the mirror be paracolic instead of spherical, all 
parallel rays falling upon the mirror are collected to a 
point at its focus; conversely, a luminous point placed at 
the focus sends forth parallel rays : there is no aberration. 
If the mirror be elliplicai, all rays emitted Irom one of the 
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foci of the ellipsoid are collected together at the other. 
Parabolic refle*itore are employed in ligbt-houses, where 
it ia an object to send a powerful beam, coasisting of rays 
as nearly as poBslble parallel, far out to sea. In this caao 
the centre of the flame is placed in the focus of the mirror; 
but, inasmuch as the flame is of sensible magnitude, and 
not a mere point, the rays of the reflected beam are not 
accurately parallel. 

The Refraction of Light {Dioptrics), 

108. We have hitherto confined our attention to the 
portion of a beam of light which rebounds from the re- 
flecting surface. But, in general, a portion of the beam 
also etitera the reflecting substance, being rapidly quenched 
when the substance is opaque (see note H), and freely 
transmitted when the substance is transparent. 

109. Thus in the case of water, mentioned in note 60, 
when the incidence is perpendicular all tiie rays are trans- 
mitted, save the 18 referred to as being reflected. That 
is to say, 982 out of every 1,000 rays enter the water and 
pass through it, 

110. So likewise in the case of mercury, mentioned in 
the same note; 334 out of every 1,000 rays falling on tlie 
mercury at a perpendicular incidence, enter the metal and 
are quenched at a minute depth beneath its suriaoe. 

We have now to consider that portion of the luminous 
beam which enters the reflecting substance ; taking, as an 
illustrative case, the passage from air into water. 

111. If the beam fall upon the water as a perpendicu- 
lar, it pursues a straight course through the water : if the 
incidence be oblique, the direction of the beam is changed 
at the point where it enters the water. 
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112. This bending of the beam is called refraction. 
ItB amount IB different in different substanceg. 



113, The refraction of light obeys a perfectly rigid 
law which must be clearly understood. Let A B C D, Fig. 
2, be the section of a cylindrical vessel which is half filled 
with water, its surface being AC, E is the centre of the 
circular section of the cylinder, and B D is a pcrpondicnlar 
to the surface at E. Let the cylindrical envelope of the 
vessel he opaque, say of brass or tin, and let an aperture 
be imagined in it at B, through which a narrow light- 
beam passes to the point E, The beam will pui-sue a 
straight com-se to T> without turning to the right or to the 



114. Let the aperture be imagined at the beam 
Btriking the surface of the water at E obliquely. Its course 
on entering the liquid will be changed ; it will pursue the 
track E n. 

115, Draw the line tn o perpendicular to BD, and also 
the line n p perpendicular to the same B D, It is always 
found that m o divided by k /» is a constant quantity, no 
matter what may be the angle at which the ray enters the 
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116. The angle marted x above the surface is called 
the angle of incidence ; the angle at y below the surface 
is called the angle of refraction ; and if we regard the 
radiua of the circle A B C D as unity or 1, the line m o 
will he the sme of the angle of incidence ; while the liiia 
n p will be the sine of the angle of refraction. 

ill. Hence the ill-important optical law — The sine of 
the angle of incidence divided by tfie sine of the angle of 
r^raction is a constant quantity. However these angles 
may vary in size, this bond of relationship is never severed. 
If one of them be lessened or augmented, the other must 
diminish or increase so as to obey this law. Thus if the 
incidence be along the dotted line fn' E, the refraction will 
be along the line E n', but the ratio of m' o' to n' p' will 
be precisely the same as that otm oto np. 

lie. The constant quantity here referred to is called 
the index of refraction. 

lis. One word more is necessary to the full compre- 
Iiension of the term sine, and of the experimental demon- 
stration of the law of refraction. When one number is 
divided by another the quotient is called the ratio of the 
one number to the other. Thus 1 divided by 2 is i, and 
this is the ratio of 1 to 2. Tims also 2 divided by 1 is 2, and 
this is the ratio of 2 to 1, In like manner 12 divided by 
3 is 4, and this is the ratio of 12 to 3. Conversely, 3 di- 
vided by 12 is J, and this is the ratio of 3 to 12. 

120. In a right-angled triangle the l atio of any side 
to the hypothenuse is found by dividing that side by the 
hypothenuse. This ratio is tJie sine of the angle opposite 
to the side, however large or small the triangle may be. 
Thus in Fig. 2 the sine of the angle x in the right-angled 
triangle E o m is really tlie ratio of the line o m to the 
hypothenuse E m / it would be expressed in a fractional 

form thua, — « In like maimer the sine of y ib the ratio 
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of the line np to the bypothenuse E n, and would be ex- 

pressed ia a fractional form thus, Those {raetionB are 

the sines of the reupective angles, whatever be the length 
of the line E m or E In the particular case above re- 
ferred to, where these lines are considered as units, the 

fractions and ^y^, or in other words m o &iidnp, be- 
come, as stated, the sines of the respective angles. We 
are now prepared to understand a simple but rigid denr 
onstration of the law of refraction. 



A 




121. ML J K is a cell with parallel glass sides and one 
opaque end M L. The light of a candle placed at A falls 
into the vessel, the end ML casting a shadow which 
reaches to the point E. Fill the vessel with water— the 
shadow retreats to H through the refraction of the light 
at the point where it enters the water. 

1 22. The angle enclosed between M E and M L is equal 

to the angle of incidence x, and, in accordance with the 

T E L H 

definition given in 120,^^ is its sine; while is the 

sine of the angle of refraction y. All these lines can be 
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either meaBured or calculated. If they be thus determined, 
and if the divisioo be actually made, it will always be found 
L E Xi H 

that the two quotients and jj-g-stand in a constant 

ratio to each other, whatever the angle may be at which 
the light &om A strikes the sarface of the liquid. This 

4 

ratio in the case of water is — j or, expressed in decimals, 

O 

1.333 * 

123. When the light pasaeB from air into water, the 
refracted ray is bent iotsard the perpendicular. This is 
generally, but not always, the case when the light passes 
from a rarer to a denser medium. 

124. The principle of reversibility which runs through 
the whole of optica finds illustration here. When the ray 
passes from water to air it ia bent from the perpendicular: 
it aconrately reverses its course. 

125. If instead of water we employed vinegar the ratio 
would be 1,344 ; with brandy it would be 1.360 ; with rec- 
tified spirit of wine 1.373 ; with oil of almonds or with 
olive oil 1.4V0; with spirit of turpentine 1,605; with oil of 
aniseseed 1.538 ; with oil of bitter ahnonds 1.471 ; with 
bisulphide of carbon 1.678 ; with phosphorus 2.24, 

126. These numbers express the indices of refraction 
of the various substances mentioned ; all of them refract 
the light more powerfully than water, and it is worthy of 
remark that, all of tbem, except vinegar, are combustible 
Bubstanees, 

127. It was the observation on the part of Newton, 
that, having regard to their density, "unctuous sul^ 
stances" as a general rule refracted light powerfully, 
coupled with the fact tliat the index of refraction of the 
diamond reached, according to bis mcaeurements, so high 

* More Mcnrately, 1.3B6. 
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• Mgm as 2.430, that can<ied him to foresee the fx>«8ibla 
eomlmiitible nature of the diamond. The bold prophecy 
of Ncwion* has Iteen fulfilled, the combustion of a diar 
infind lieing one of tlie commonest experiments of modern 
cbcrmiKtry. 

128. It ii here worth noting that the refraction by 
•pirit of tnrpeirtinc is greater than that by water, though 
the dcnuity of the ttpirit is to that of the water as 874 is to 
1,000. A ray pagging obliqneJy from the spirit of turpere 
tine into water is bent frorn the perpendicular, though it 
paRPH^H from a rarer to a denser medium ; while a ray pass- 
hig from water into the spirit of turpentine is bent towartl 
the perpcnrliouljir, though it passes from a denser to a 
rarer mudium. Hence the necessity for the words "not 
always" employed in 123. 

1 20, If a ray of light pass through a re&acting plate 
tritl) parallel surfaces, or through any number of plates 
with purullel surfaces, on regaining the medium from 
which it started, its original direction is restored. This 
follows from the principle of reversibility already re- 
f(Tr(id to, 

1 'M. In passing through a refracting body, or through 
any number of refracting bodies, the light accomplishes its 
traiiHSt in tlic minimum of time. That is to say, given the 
velocity of light in tlie various media, the path chosen by 
the ray, or, in other words, the path which its refraction 
impose* upon the ray, enables it to perform its journey in 
the most rajMil niitnner possible. 

lai. liofraetion always causes water to appear shal- 
lower, or a ti'ansparcnt plate of any kind thinner, thaa it 

* " Car tri< gruDtl liuuiino, qui mettait U phis gronde B£v£rit£ dans sea 
•xplrluiiotiH, ct 111 plus ttrunde reserve daas Bcs conjectures, n'bdaitait 
Jkinklii K Kulvro U* cnusiqucacoB d'tma wintt mmi loin qu'eUa pouvait' 
!• oolidulro." — BiOT 
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really Is. The Hftbg up of the lower Hurface of a glass 
cube, through this cause, is very remarkable. 

132. To understand why the water appears shallower, 
fix your attention on a point at its bottom, and suppose 
the line of vision from that point to the eye to be perpen- 
dicular to the surface of the water. Of all rays issuing 
from the point, the perpendicular one alone reaches the eye 
without refraction. Those close to the perpendicular, on 
emerging from the water, have their divei^ence augmented 
by refraction. Producing these divergent rays backward, 
they intersect at a point above the real bottom, and at this 
point the bottom will be seen. 

133. The apparent shallowness is augmented by looking 
obliquely into the water. 

134. In consequence of this apparent rise of the 'bottom, 
& Gtraigbt stick thrust into the water is bent at the surface 
Jrom the perpendicular. 

Note the difference between the deportment of the stick 
and of a luminous beam. The beam on entering the water 
is bent toward the perpendicular. 

135. This apparent lifting of the bottom when water is 
ponred into a basin brings into sight an object at the bot- 
tom of the basin which is unseen when the basin is empty. 

Opacity of Transparent Mixtures. 

136. Reflection always accompanies refraction ; and if 
one of these disappear, the other will disappear also. A 
K)lid body immersed in a liquid having the same refractive 
index as the solid, vanishes ; it is no more seen than a por- 
tion of the liquid itself of the same size would be seen. 

13T. But in the passage from one medium to another 
of a diflcrent refractive index, light is always reflected ; 
and this reflection may be so often repeated as to render 
the mixture of two transparent substanoes practically im- 
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pervious to light. It is the frequeDcy of the reflections at 
the limitiDg surfaces of air and water that renders foam 
opaque. The blackest clouds owe their gloom to this re- 
peated reflection, which diminiaheB their transmitted light. 
Hence also their whiteness by reflected light. To a similar 
cause is due the whiteness and imperviousness of common 
salt, and of transparent bodies generally when crushed to 
powder. The individual particles transmit light freely ; 
but the reflections at their anrfaces are so nnmerous that 
the light is wasted in echoes before it can reach to any 
depth in the powder. 

138. The whiteness and opacity of writing-paper are 
due mainly to the same cause. It is a web of transparent 
fibres, not in optical contact, which intercept the light by 
repeatedly reflecting it. 

139. But if the interstices of the fibres be filled by a 
body of the same refractive indei as the fibres themselves, 
the reflection at their limiting surfaces is destroyed, and 
the paper is rendered transparent. This is the philosophy 
of the tracing-paper used by engineers. It ia saturated 
with some kind of oil, the lines of maps and drawings 
being easily copied through it afterward. Water aug- 
ments the transparency of paper, as it darkens a white 
towel ; but its refractive index is too low to confer on 
either any high degree of transparency. It, however, 
renders certain minerals, which are opaque when dry, 
translucent. 

140. The higher the refractive index the more copious 
is the reflection. The refractire index of water, for ex- 
ample, is 1.336; that of glass is 1.5. Hence the different 
quantities of light reflected by water and glass at a per- 
pendicular incidence, as mentioned in note 60, It is its 
enormous refractive strength that confers such brilliancy 
upon the diamond. 
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Total Bejkction, 

Read notes 123 and 124 ; then continue here. 

141. "When the angle of incidence from air into water 
IS nearly 90°, that is to say, when the ray before entering 
the water just grazes its surface, the angle of refraction is 
48^°. Conversely, when a ray passing from water into air 
strikes the surface at an angle of 48^°, it will, on its emer- 
gence, just graze the sur&ce of the water, 

142. If the angle which the ray in water encloses with 
the perpendicular to the surface be greater than 48f°, the 
ray will not quit the water at all ; it will be totally reflected 
at the surface. 

143. The angle which marks the limit where total re- 
Section begins is called the limiting angle of the medium. 
For water this angle is 48*' 27', for flint glass it is 38° 41', 
while for diamond it is 23" 42'. 

144. Realize clearly that a bundle of light rays filling 
an angular space of 90° before they enter the water, are 
squeezed into an angular space of 48° 27' within the water, 
and that in the caHC of diamond the condensation 1$ from 
&0° to 23° 42'. 

145. To an eye in still water its margin must appear 
lifted up. A fish, for e^cample, sees objects, as it were, 
through a circular aperture of about 97° (twice 47° 27') in 
diameter overhead. All objects down to the horizon will 
be visible in this space, and those near the horizon will be 
much distorted and contracted in dimensions, especially in 
height. Beyond the limits of this circle will be seen the 
bottom of the water totally reflected, and therefore de- 
picted as vividly as if seen by direct vision.* 

148, A similar effect, exerted by the atmosphere (when 



'* Sir John HeracheL 
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no cloads ctobb the orbs), gives the san and moon at rising 
and setting a sliglitly iiattoncd appearance, 

147. Experimentai Illmtmitons. — Place a shilling in a 
drinking-glasa ; cover it with water to about the depth of 
an inch, and tilt the glass so as to obtain the necessary 
obliquity of incidence at the surface. Looking upward 
toward the surface, the image of the shilling will be seen 
ehining there, and, as the reflection is total, the image will 
he as bright as the shilling itself. A spoon suitably 
dipped into the glass also yields an image due to total re< 
flection. 

148. Thrust the closed end of an empty test-tube into 
a glass of water. Incline the tube, until the horizontal 
light falling upon it shall be totally reflected upward. 
When looked down upon, the tube appears shining like 
burnished silver. Pour a little water into the tube ; as the 
liquid rises, it abolishes total reflection, and with it the 
lustre, leaving a gradually diminishing lustrous zone, which 
disappears wholly when the level of the water within rises 
to, or above, that of the water without. A tube of any 
kind stopped water-tight will answer for this experiment, 
which is both beautiful and instructive. 

149. If a ray of light fall as a perpendicular on the 
side of a right-angled isosceles glass prism, it will enter 
the glass and strike the hypothenuse at an angle of 45°. 
This exceeds the limiting angle of glass ; the ray will 
therefore be totally reflected ; and, in accordance with the 
law mentioned in note 54, the direct and reflected rays 
will be at right angles to each other. When such a change 
of direction is required in optical instruments, a right- 
angled isosceles prism is usually employed. 

150. When the ray enters the prism parallel to the 
hypothenuse, it will be refracted, and will strike the hy- 
pothenuse at an angle greater tbau the limiting angle. It 
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will, therefore, be totally reflected. If the object, instead 
of being a point, be of sensible magnitude, the rays from 
its extremities will cross each other within the prism, and 
lience the object will appear inverted when looked at 
through the prism. Dove has applied the " reversion prism " 
to render erect the inverted images of the aatronomieal 
telescope. 

151. The mirage of the desert And variouB other phan- 
tasmal appearances in the atmosphere are, in part, due to 
total reflection. When the sun heats an expanse of sand, 
the layer of air in contact with the sand becomes lighter 
than the superincumbent air. The rays from a distaDt 
object, a tree for example, striking very obliquely upon 
the upper surface of this layer, may be totally reflected, 
thus showing images similar to those produced by a sur- 
face of water. The thirsty soldiers of the French army 
were tantalized by such appearances in Egypt. ' 

152. Gases, like liquids and solids, can refract and re- 
flect light ; but, in consequence of the lowness of their 
refractive indices, both reflection and refraction are feeble. 
Still, atmoapheric refraction has to be taken into account 
by the astrononier, and by those engaged id trigonomet- 
rical surveys. The refraction of the atmosphere causes 
the sun to be seen before it actually rises, and after it act- 
ually sets. 

153. The quivering of objects seen through air rising 
over a heated surface is due to irregular refraction, which 
incessantly shifts the directions of the rays of light. 
In the air this shifting of the rays is never entirely 
•bsent, and it is often a source of grievous annoyance 
to the astronomer who needs a homogeneous atmos- 
phere. 

154. The flame of a caudle or of a gas-Ump, and the 
Dolumtt of heated air above the 11 a me ; the air risipg from 
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ft red-hot iron ; the pouring of a beav j gas, sach as car 
bonic acid, downward into air; and the issoe of a lighter 
one, Bach as bydrogen, npward — may all be made to 
reveal tbemselTes by their action upon a sufficiently in- 
tense Ught. The transparent gases interposed between 
Buch a light and a white screen are seen to rise like smoke 
npon the screen through the effects of refraction. 

Lenses. 

155. A lens in optics is a portion of a refracting snb- 
Htance, such as glass, which is bounded by curved sur- 
faces. If the surface be sphencal, the lens is called a 
ttpherical lens. 

156. Lenses divide themselves into two classes, one of 
which renders parallel rays convergent, the other of which 
renders such rays divergent. Each class comprises three 
kinds of lenses, which are named as follows : 

Converging Jjense», 

1. Doable canvei, with both surfaces convex, 

2. Plano-convex, with one surface plane and the other 
convex. 

3. Concavo-oonvei (IVIeniscus), with a concave and 
ft convex surface, the convex surface being the moat 
Strongly curved. 

Diverging JLemes. 

1. Double concave, with both surfaces concave. 

2. Plano-concave, with one surface plane and the 
other concave, 

3. Convexo-concave, with a convex and a concave 
BurTace, the concave surface being the most strongly 
curved. 



157. A straight line drawn through the centre of the 
lens, and perpendicular to its two convex Burfaces, is the 
principal axis of the lens. 

158. A luminoua heam falling on a convex lens parallel 
to the axis, has its constituent raya brought to intersec- 
tion at a point in the axis behind the lens. This point is 
the principal focus of the lens. As before, the principul 
focus is the focus of parallel rays. 

169. The rays from a luminous point placed beyond 
the focus intersect at the opposite side of the lens, an 
image of the point being formed at the place of intersec- 
tion. As the point approaches the principal focus its 
image retreats from it, and when the point actually 
reaches the principal focus, its image is at an iulioite 
distance. 

160, If the principal focus be passed, and the point 
come between that focus and the lens, the rays after pass- 
ing through the lens will be still divergent. Producing 
them backward, they will intersect on that side of the 
lens on which stands the luminous point. The focus hero 
IB virtual, A body of sensible magnitude placed between 
the focus and the lens would have a viitual image. 

181. When an object of sensible dimensions is placed 
anywhere beyond the principal focus, a real image of the 
object will be formed in the air behind the lens. The 
image may be either greater or less than the object in size^ 
but the image will always be inverted. 

162. The positions of the image and th^object are, as 
before, convertible, 

163. In the case of concave lenseB the images are al- 
ways virtual. 

164. A spherical lens is incompetent to bring all the 
tays that &11 upon it to the same focus. The rays which 
pass through the lens near its circumference are more 
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refracted than those ■wliicb pass through the central poi>» 
tions, and thoy interaect earlier. Where perfect deEnitioa 
is required it is therefore usual, though at the expense of 
illumination, to make use of the central rays only. 

165. Tliis diflfereiice of focal distance between the cen- 
tral and circumferential rays is called the sp/terical aherror 
tion, of the lenei, A lens so curved as to bring all rays to 
the same focus is called apUxnatie / a spherical lens cannot 
be rendered aplanatic. 

166. As in the case of spherical mirrors, spherical lenses 
have their caustic curves and surfaces (diacanstics) formed 
by the intersection of the refracted rays. 

Vision and the Eye, 

167. The human eye is a compound lens, ooDBiflting 
of three principal parts : the aqueous humor, the crystal- 
line leng, and the vitreous humor, 

168. The aqueous humor is held in front of the eye by 
the cornea, a transparent, horny capsule, resembling a 
watch-glass in shape. Behind the aqueous humor, and 
immediately in front of the crystalline lens, is the iria, 
■which surrounds the pupil. Then follow the lens and 
the vitreous humor, which last constitutes the main body 
of the eye. The average diameter of the human eye is 
10.9 lines.* 

169. When the optic nerve enters the eye from behind, 
it divides into a series of filaments, which are woven to- 
gether to form the retina, a delicate net'Work spread as a 
screen at the back of the eye. The retina rests upon a 
black pigment, which reduces to a minimum all Lutemal 
reflection. 

170. By means of the iris the size of the pupil may b^ 
ilftused to vary within certain limits. When the Ught ii 

* A. Una Is -[^th of ELU incb. 
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feeble the pupil expands, wlien it is intense the pupil con- 
tracts ; thus the quantity of light admitted into the eye 
18, to some extent, regulated. The pupil also diminishes 
when the eye is fixed upon a near object, and expands 
when it is fixed upon a distant one. 

1 71. The pupil appears black; partly because of the 
internal blaek coating, but mainly for another reason. 
Could we illuminate the retina, and see at the same time 
the Illuminated spot, the pupil would appear bright. But 
the principle of reversibility, so often spoken of, comes 
into play here. The light of the illuminated spot in re- 
turning outward retraces its steps, and finally falls upon 
the source of illumination. Hence, to receive the return- 
ing rays, the observer's eye ought to be placed between 
the source and the retina. But in this position it would 
cut ofi" the illumination. If the light be thrown into the 
eye by a mirror pierced with a small orifice, or with a 
email portion of the silvering removed, then the eye of 
the observer placed behind the mirror, and looking through 
the orifice, may see the illuminated retina. The pupil 
under these circumstances glows like a live coal, Tliis is 
the principle of the Ophthalmoscope (Augenspiegel, Ilelm- 
holtz), an instrument by which the interior of tlie eye 
may be scanned, and its condition in health or disease 
noted. 

172. In the case of albinos, or of white rabbits, the 
black pigment ia absent, and the pupil is seen red by light 
which passes through the sclerotica, or white of the eye. 
Wlien this light ia cut off, the pupil of an albino appears 
black. In some animals the black pigment is displaced 
by a reflecting membrane, the tapetum. It is the light 
reflected from the tapetnm which causes ii cat's eye to 
shine in partial darkness. The light in this case is not 
internal, for when the darkness is total the cat's eyes do 
not shine, 

4 
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1Y3. In tlie camera obscura of the photographer the 
images of eiteroal objects formed by a convex lens are 
received upon a plate of ground glass, the lens being 
pushed in or out until the image upon the glass is sharply 
defined. 

1 74. The eye is a camera obsoura, with its refracting 
lenses, the retina playing the part of the plate of ground 
glass in the ordinary camera. For perfectly distinct 
TiBion it is necessary that the image upon the retina should 
be perfectly defined ; in other words, that the rays from 
every point of the object looked at should be converged 
to a point upon the retina. 

1 7S<. The image upon the retina is inverted. 

Adjustmeni of the Eye : U»e of Spectacles. 

ITS, If the letters of a book held at some distance from 
the eye be looked at through a gauze veil placed nearer 
the eye, it will be found that when the letters are seen 
distinctly, the veil is seen indistinctly ; conversely, if the 
veil be seen distinctly, the letters will be seen indistinct- 
ly. This demonstrates that the images of objects at dif- 
ferent distances from the eye cannot be defined at the dame 
time upon the retina, 

177. Were the eye a rigid mass, like a glass lens, ia- 
capable of change of form, distinct vision would only be 
possible at one particular distance. We know, however, 
that the eye possesses a power of adjustment for different 
distances. This adjustment is effected, not by pushing 
the front of the eye backward or forward, bnt by chan- 
ging the curvature of the crystalline lens, 

178. The image of a candle reflected from the foiward 
or backward surface of the lens is seen to diminish when 
the eye changes from distant to near vision, thus proving 
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the curvature of the lens to be greater for near than foi 
distant vision, 

179. The principal refraction endured by rays of light 
in crossing the eye occurs at the surface of the cornea, 
wliere the passage is from air to a much denser medium. 
Tlie refraction at the cornea alone would eause the rays 
to intersect at a point nearly half an inch behind the 
retina. The convergence is augmented by the crystalline 
lens, which brings the point of intersection forward to the 
retina itself. 

180. A line drawn through the centre of the cornea 
and the centre of the whole eye to the retina is called the 
axis of the eye. The length of the axis, even in youth, is 
Bometimes too small ; in other words, the retina is some- 
times too near the cornea ; so that the refracting part of 
the organ is unable to converge the rays from a luminous 
point so as to bring them to a point upon the retina. In 
old age also the refracting surfaces of the eye are slightly 
flattened, and thus rendered incompetent to refract the 
rays sufficiently. In both these cases the image would be 
formed behind the retina, instead of upon it, and hence the 
vision is indistinct. 

181. The defect is remedied by holding the object at a 
distance from the eye, so as to lessen the divergence of its 
rays, or by placing in front of the eye a convex lens, which 
helps the eye to produce the necessary convergence. Thii 
is the use of spectacles. 

182. The eye ia also sometimes too long in the direc- 
tion of the axis, or the curvature of the refracting surfaces 
may be too great. In either case the rays entering the 
pupil are converged so as to intersect before reaching tht 
retina. This defect is remedied either by holding the object 
▼ery close to the eye, so as to augment the divergence of 
its rays, thus throwmg back the point of intersection ; or 
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hj placing in front of the eye & concave lena, which pro- 
duces the necessary divergence, 

183. The eye is not adjust«d at the same time for 
equally-distant horizontal aud vertical objects. The dif»- 
tance of distinct ™ion is greater for horijeoiital lines than 
for vertical ones^ Draw with ink two tines at right angles 
to each other, the one vertical, the other horizontal : see 
one of them distinctly black and sharp ; the other appears 
indiatinct, as if drawn in lighter ink. Adjust tlie eyu for 
this latter line, the former will then appear indistincti 
This difference in the curvature of the eye in two direo- 
tions may sometimea become so great as to render the 
application of cylindrical leases necessary for its correo- 
tion. 

The I'unetum CcBcum. 

184. The spot where the optic nerve enters the eye, and 
from which it ramifies to form the net-work of the retina, 
is insensible to the action of light. An object whose image 
faUs upon that spot is not seen. The image of a clock- 
face, of a human head, of the moon, may be caused to fall 
upon this " blind spot," and when this is the case the object 
is not visible. 

185. To Ulustrate this point, proceed thus ; Lay two 
white wafers on black paper, or two black ones on white 
paper, with an interval of 3 inches between them. Bring 
the right eye at a height of 10 or 11 inches exactly ocer 
the left-hand wafer, so that the line joining the two eyes 
shall be parallel to the line joining the two wafers. Closing 
the left eye, and looking steadily with the right at the 
left>hand wafer, the right-hand one ceases to be visible, 
to this position the image falls upon the " blind spot " of 
the right eye. If the eye be turned in the least degree to 
the right or left, or if the distance between it aud the paper 



PERSISTENCE OP IMPRESSIONS, 



51 



be sagmented or dirainiBhed, the wafer is immediately 
Been. Preserving these proportions as to size and distance, 
objects of far greater dimensions than the wafer may hiivo 
tlieir images thrown upon the blind spot, and be obliter- 
ated. 

J'ersistence of Jmpresaions, 

188. An imprOBsion of light onoe made upon the retina 
does not subside instantiineously. An electric spark is 
Bensibly instantaneous ; but the impression it maizes upon 
the eye remains for some time after the spark has passed 
away. This interval of persistence varies with different 
persons, and amounts to a sensible fraction of a second. 

I8V. K, therefore, a succession of sparks follow each 
other at intervals less than tiie time which the impression 
endures, the separate impressions will unite to form a eon- 
timious light. If a luinmous point be caased to describe 
a circle in less than this interval, the circle will appear as 
a continuous closed curve. From this cause, also, the 
sjiokes of a rapidly-rotating whee-l blend together to a 
shadowy sur&ce. Wlieatstone's Photometer is based on 
this persistence. It also explains the action of those instru- 
ments in which a series of objects in different positions 
being brought in rapid succession before the eye, the im- 
pression of motion is produced. 

188. A jet of water descending from an orifice in tha 
bottom of a vessel exhibits two distinct parts : a tranquil 
pellucid portion near the orifice, and a turbid or untranquil 
]>ortion lower down. Both parts of the jet appear equally 
continuous. But when the jet in a dark room is illumi- 
nated by an electrio spark, all the turbid portion reveals 
itflolf as a string of separate drops standing perfectly stilL 
It is their quick succession that produces the impression 
of continuity. The most rapid cannon-ball, illuminated by 
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& flash of lightning, wooH be seen for the fraction of a 
second perfectly motionless in the air. 

189. The eye is by no meana a perfect optical inBtra- 
ment. It sufibra from spherical aberration ; a scattered 
lumiDOsity, more or less strong, always surrounding the 
defined images of luminous objects upon the retina. By 
this luminosity the image of the object is sensibly increased 
in size ; but with ordinary illumination the scattered light 
is too feeble to be noticed. When, however, bodies are 
intensely illuminated, more especially when the bodies are 
small, so that a slight extension of their images upon the 
retina becomes noticeable, such bodies appear larger than 
they really are. Thus, a platinum-wire raised to whitenesa 
by a voltaic current has its apparent diameter enormously 
increased. Thus also the crescent moon seems to belong 
to a larger sphere than the dimmer mass of the satellite 
which it partially clasps. Thus also, at considerable dis- 
tances, the parallel flashes Sent from a ntimber of separate 
lamps and reflectors in a light-house encroach upon each 
other, and blend together to a single flash. The white- 
hot particles of carbon in a flame describe lines of light, 
because of their rapid upward motion. These lines are 
widened to the eye; and thus a far greater apparent so- 
liditf is imparted to the flame than in reality belongs to it. 

180a. This augmentation of the true size of the optical 
image is called Irradiation. 

bodies sem within the M/e. 

190. Almost every eye contains bodies more or lees 
opaque distributed through its humors. The so-called 
muscae voKt antes are of this character ; so are the black 
dots, snake-like lines, beads, and rings, which are strikingly 
visible in many eyes. Were the area of the pupil con 
traded to a point, such bodies might produce considerable 
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aunoyance ; but because of the widtb of the pupil the 
flhadows which these snmll bodies would otherwise cast 
upon the retina are practically obliterated, except when 
tliey are very close to the back of the eye.* It is only 
necesaary to look at the flrmament through a pinhole to 
give these shadows greater definition upon the retina. 

191. The veins and arteries of the retina itself also cast 
their shadows upon its posterior surface ; but the shaded 
spaces soon become so sensitive to light as to compensate 
for the defect of light fcdling upon them. Hence under 
ordinary circumstances the shadows are not seen. But if 
the shadows be transported to a less sensitive portion of 
the retina, the image of the vessels becomes distinctly 
visible. 

192. The best mode of obtaining the transference of the 
shadow is to concentrate in a dark room, by means of a 
pocket lens of short focus, a small image of the sun or of 
the electric light upon the white of the eye. Care must be 
taken not to send the beam through the pupiL When the 
small lens is caused to move to and fro, the shadows are 
caused to travel over difierent portions of the retina, and a 
perfectly defined image of the veins and arteries is seen 
projected in the darkness in front of the eye, 

193. Looking into a dark space, and moving a candle 
at the same time to and fro beside the eye, so that the rays 
enter the pupil very obliquely, the shadow of the retinal 
vessels is also obtained. In some eyes the suddenness and 
vigor with which the spectral image displays itself am 
extraordinary ; others find it difficult to obtain the eiFect. 

104. Finally, a delicate image of the vessels maybe 
obtained by looking through a pinhole at the bright sky, 
and moving the aperture to and fro. 

* See Notes 18 and 19. 
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TTie Stereoscope. 

195, Look with one eye at the edge of the hand, so thai 
the fiuger nearegt the eye shall cover all the others. Then 
open the second eye ; by it the other fingers will be seen 
forcshorteued. TTie images of t/ie hand therefore within 
the two eyes are different. 

196, These two images are projected on the two retinse ; 
if by any means we could combine two drawings, execatcd 
on a Hat surthce, ho as to produce within the two eyes two 
pictures similar to the two imnges of the solid hand, we 
sliuiiid oi)tain the impression of solidity. This la done by 
tlie Btereoscope. 

197, The Hrst form of this instrument was invented by 
Sir Churles Wlieatstone. lie took drawings of solid objects 
08 scon by the two eyes, and looked at the images of these 
drnwini^B in two piano mirrors. Each eye looked at the 
image which belonged to it, and the mirrors were so 
orranged that the images overlapped, thus appearing to 
oomo from tlie same object. By this combination of its 
two plane projections, the object sketched was caused to 
itart forth as a solid. 

108. la looking at and combining two such drawings, 
the eyes peceivo the same impression, and go through the 
same process as when they look at the real object. We 
Boe only one point of an object distinctly at a time. If the 
ditft'ri'nt pi tints of an object be at diftercnt distances from 
the eyes, to si'o the near points distinctly requires a greater 
convergence of the axes of the eyes than to see the distant 
ones. Now, Tx'sidcs the identity of the retinal images of 
the sti'rcoacopic drawings with those of the real object, the 
eyes, in onlcr to cause the corresponding pairs of points of 
the two drawings to coalesce, have to go through the same 
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variations of convergence that are necessary to see dia- 
tinctly the various points of the actual object. Hence tlie 
impression of solidity produced by the combination of such 
drawings. 

199. Measure the distance between tiBo pairs of points, 
which when combined by the stereoscope present two 
tingle points at different distances from the eye. The dis- 
tance between the one pair will be greater than that 
between the other pair. Different degrees of convergence 
are therefore necessary on the part of the eye to combine 
the two pairs of points. It is to be noted that the coales> 
oence produced in the stereoscope at any particular moment 
is only partial. If one pair of corresponding points be 
seen singly, the others must appear double. This is also 
the case when an actual solid is looked at with both eyes ; 
of those points of it which are at diilerent distances from 
the eyes one only is seen singly at a time. 

200, The impression of solidity may be produced in an 
exceedingly striking manner without any stereoscope at 
alL Most easily, thus : Take two drawings — projections, 
as they are called — of the frustum of a cone ; the one as it 
is seen by the right eye, the other as it is seen by the left. 
Holding them at some distance from the eyes, let the left- 
hand drawing be looked at by the right eye, and the right- 
hand drawing by the left. The lines of vision of the two 
eyes here cross each other ; and it is easy, after a few trials 
with a pencil-point placed in front of the eyes, to make two 
corresponding points of the drawings coincide. The mo- 
ment they coincide, the combined drawings start forth as 
a single solid, suspended in the air at the place of intersec- 
tion of the lines of vision. It depends upon the character 
qf the drawings whether the inside of the frustum is seen, 
or the outside, whether its base or its top seems nearest to 
the eye. For this experiment the drawings are best mada 
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in simple outline, and they maj be immensely larger than 
ordiiiiiry stereoBcopic drawings. 

Take notice tliat here also tlie different pairs of the 
corresponding points are at different dietances apart. 
Two oorresponding points, for example, of the top of the 
frustum will not be the same distance asunder as two 
points of the base. 

SOL Wheatstone'e first instrument ia called the Re- 
flecting Stereoscope ; but the methods of causing draw- 
bigs to coalesce so as to produce stereoscope effects are 
almost numberless. The instrument most used by the 
public ia the Lenticular Stereoscope of Sir David Brews- 
ter. In it the two projections are combined by means of 
two half lenses with their edges turned inward. The len- 
ticular stereoscope also maguifies.* 

202, It has been stated in note 198 that for the dis- 
tinct vision of a near point a greater convergence of the 
lines of vision of the two eyes is necessary than that of a 
distant one. By an instrument in which two rectangular 
prisms are employed,! rays from two points may be 
caused to cross before they enter the eyes, the convergence 
being thus rendered greater for the distant point than 
for the near one. The consequence of this is, that the 
near point appears distant, and the distant point near. 
This is the principle of Wheatstone's psevdoacope. By 
this instrument convex surfaces are rendered concave, and 
concave surfaces convex. The inside of a hat or teacup 
may be thus converted into its outside, while a globe may 
be seen as a concave spherical surface, 

• Fuller nni] clearer infonuation reKardiiig the BtereoBcope will be 
found in tho Journal of the Phatograpkie Sedtig, TOL iiL pp. 96, 116, 
uid 167. 

t See Note ISO. 
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Nature of Lighi; Physical Theory of Meftection awd 
Refraction. 

It is now time to redeem to some extent the ppomiBe 
of our first note, tliat the " something " which excites the 
iensation of light should be considered more closely snV 
Bequently, 

203. Every sensation corresponds to a motion excited 
in our nerves. In the sense of touch, the nerves are 
moved by the contact of the body felt ; in the sense of 
smell, they are stirred by the infinitesimal particles of the 
odorous body ; in the sense of hearing, they are shaken 
by the vibrations of the air. 

Theory of Mnusion. 

204. Newton snpposed light to consist of small parti- 
cles shot out with inconceivable rapidity by luminous 
bodies, and fine enough to pass through the pores of trans- 
parent media. Crossing the humors of the eye, and strik- 
ing the optic nerve behind the eye, these particles were 
supposed to excite vision. 

205. This is the Mmisaion Theory or CorpmctUar 
Theory of Light. 

206. Considering the enormous velocity of light, the 
particles, if they exist, must be inconceivably sraall ; for 
if of any conceivable weight, they would infallibly destroy 
BO delicate an organ as the eye. A bit of ordinary mat- 
ter, one grain in weight, and moving with the velocity of 
light, would possess the momentum of a cannon-ball 150 
lbs. weight, moving witli a velocity of 1,000 feet a second. 

207. Millions of these light particles, supposing them 
to exist, concentrated by lenses and mirrors, have been 
shot against a balance suspended by a single spider's 
thread ; this thread, though twisted 1S,000 times, showed 



58 



NOTES ON LIGHT. 



no tendency to nntwiBt itself; it waB therefore devoid of 
torsion. But no motion due to the impact of tlie particleB 
was even in this case observed.* 

208. If light cossists of minute particleB, they must he 
ehot out with the same velocity by all celestial bodies. 
This seems exceedingly unlikely, when the different gravi- 
tating forces of such different masses are taken into ac- 
count. By the attractions of such diverse masBeSj the 
particles would in all probability be pulled back with dif- 
ferent degrees of force. 

209. If, for example, a fixed star of the sun's density 
possessed 250 times the san's diameter, its attraction, sup- 
posing light to be acted on like ordinary matter, would 
be sufficient to finally stop the particles of light issuing 
froTB. it. Smaller masses would exert corresponding de- 
grees of retardation ; and hence the light emitted by dif- 
ferent bodies would move with different velocities. That 
such is not the case — that light moves with the same ve- 
locity whatever be its source — renders it probable that it 
does not conBist of particles thus darted forth. 

But a more definite and formidable objection to the 
Emission Theory may be stated after we have made our- 
selves acquainted with the account it rendered of the phe- 
nomena of reflection and refraction. 

210. In direct reflection, according to the emission 
theory, the light particleB are first of all stopped in their 
course by a repellent force exerted by the reflecting body, 
and then driven in the contrary direction by the same 
force. 

211. This repulsion is, however, «e/ec(iwe. The reflect- 
ing substance singles out one portion of the group of par- 
ticles composing a luminous beam and drives them back ; 

• Bennett, Phil. Trma., 179!, 



but it attracts the remaining particles of the group and 
transmits them. 

212. When a light particle approach cb a refractive 
surface obJiquely, if the particle be an attracted one, it is 
drawn toward the surface, as an ordinary projectile is 
drawn toward the earth. Kefraotion is thus accounted 
for. Like the projectile, too, the velocity of the light par- 
ticle is augmented during its deflection ; it enters the re- 
fracting medium with this increased velocity, and once 
within the medium, the attractions before and behind the 
particle neutralizing each other, the increased velocity is 
maintained. 

313. Thus, it IB an nnavoidable consequence of the 
theory of Newton, that the bending of a ray of light toward 
the perpendicular is accompanied by an augmentation 
of velocity — that light in water moves more rapidly than 
in air, in glass more rapidly than in water, in diamond 
more rapidly than in glass. In short, that the higher the 
refractive index, the greater the velocity of the light, 

214. A decisive test of the emission theory was thus 
suggested, and under that test the theory has broken 
down. For it has been demonstrated, by the most rigid 
experiments, that the velocity of light diminishes as the 
index of refraction increases. The theory, however, had 
yielded to the assaults made upon it long before this par- 
ticular experiment was made. 

Theory of Zfndulation. 

21 5, The Emission Theory was first opposed by the 
celebrated astronomer Huyghens, and the no less cele- 
brated mathematician Euler, both of whom held that light, 
like sound, was a product of wave-motion. Laplace, Malus, 
Biot, and Brewster, supported Newton, and the einission 
Uieory maintained its ground until it was finally over- 
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thrown by the laboro of Thomas Young* and Augustin 

Frcsnel. 

216, These two eminent philosophers, while adducing 
whole classes of fact« inexplicable by the emi«sioa theory, 
succeeded in establishing the most complete parallelism 
between optical phenomena and those of wave-motion. 
The juBti fixation of a theory consists in its eiclosive com- 
petence to account for phenomena. On such a basis the 
Waw. JTieortf, or the Vnduhttoiy Theory of light, now 
rostH, and every day's experience only makes its founda- 
tions mort.> secure- This theory must for the future 
0(wuj»y much of our attention. 

an. In the ease of sound, the velocity depends upon 
tint relation of ehisticity to density in the body which 
tntiiNinUs the sound. The greater the elasticity the greater 
U the viikicity, and the less the density the greater is the 
Viilotvity. To account for the enormous velocity of propa- 
Kntioit in the case of lights the substance which tmnsmita 
it U aHNumed to Ix* of both extreme elasticity and of ex- 

* ]>r. Yoiiiit( w** a|i{M)tnted Profeasor of Katura] Philosophy in tbs 
HiiyHl I iw tit II I lull, .Viij^imt S, \^\. From « iiMrble nbb in the Tillage 
vliiirt'li lit K'Nn)li>irviut[h, near Bromlej, Kent, I copied, on the 11th of 
April, thn I'oUowltiK lnii«ri|itit>n ; 

" NiMir thin t,rv (li>(>osit«d ih« remains of TaoMAS Totnco, K. D., 
FbIIiiw »imI Ktitt'lun StH>rpl«rT of the Rotml Society, Member of the Na- 
kliiiiHl UiHllliili^ ol' h'riiiKHi, A mw alike emment in ahoost every de{)art- 
intMit tif hiiniKii U>iinilii);, whii»i> luanT discor«ric9 enlarged the bouads of 
N all! rat Kiili<iii*i\ amt wliu tfnt penetrated the olucurity which had veiled 
(bp «Kii« till! llli'PiinlvpliU's of KKj-pt. 

" KiuliMiixd 111 his IVifnilii hy hi* dninestic virtuea, Honored by the 
world Itir hid niivlvnilud a^'iiutrvnienis, He died in the hope of the resm^ 
•wUim »f ihii jimt. 

" llni'ii lit Mllvurtivn, III SHmtersetshirr, June 18, UTS. 
>< llitHl )li t'ark i^iiiarr, London, May 39, 1839, 
" In the Mttli year of his age." 
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tretne tenuity. This Bubstance is called the Luminiferoiia 
ether, 

218. It fills space; it suiTounds the atoms of bodies; 
it extends, without Bolution of continuity, through the 
humors of the eye. The molecules of luminous bodies are 
in a state of vibration. The vibrations are taken up by 
the ether, and transmitted through it in waves. These 
waves impinging on the retina excite the sensation of 
light. 

219. In the case of sound, the air-particles oscillate to 
and fro in the direction in which the Bound is transmitted; 
In the case of light, the ether particles oscillate to and fro 
across the direction in which the light is propagated. In 
scientific language the vibrations of sound are longitudi- 
nal, while the vibrations of light are transversal. In fact, 
the mechanical properties of the ether are rather those of 
a solid than of an air. 

230, The intensity of the light depends on the distance 
to which the ether particles move to and fro. This dis- 
tance is called the amplitude of the vibration. The in- 
tensity of light is proportional to the square of the ampli- 
tude ; it IB also proportional to the square of the maximum 
velocity of the vibrating particle. 

221, The amplitude of the vibrations diminishes simply 
as the distance increases ; consequently the intensity, 
which is expressed by the square of the amplitude, must 
diminish inversely as the square of the distance. This, 
in the language of the wave theory, is the law of inverse 
squares, 

222, The reflection of ether waves obeys the law es- 
tablished in the case of light. The angle of incidence ia 
demonstrably equal to the angle of reflection. 

223, To account for refraction, let us for the sake of 
■implicity take a portion of a circular wave emitted by the 
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Bon or some other distant body. A short portion of sach 
a wave would be straight. Suppose it to impinge from 
air upon a plate of glass, the wave being in the first in* 
stance parallel to the surface of the glass. Such a wave 
would go through the glass without change of direction, 

224, But as the velocity in glass is less than the veloci- 
ty in air, the wave would be retarded on passing into the 
denser medium. 

225. But suppose the wave, before impact, to be o^ 
Uque to the surface of the glass ; that end of the wave 
which first reaches the glass will be first retarded, the 
other portions being held back in succession. This retw- 
datton of one end of the wave causes it to swing round ; 
BO that when the wave bas fully entered the glass its conree 
IB oblique to its first direction. It is refracted, 

220. K the glass into which the wave enters be a plate 
with parallel surfaces, the portion of the wave which 
reached the upper surface Jirat, and was first retarded, 
will also reach its under surface first, and escape earliest 
from the retarding medium. This produces a second 
swinging round of the wave, by which its origin.il direc- 
tion is restored. In this simple way the Wave Theory 
accounts for Refraction. 

227. The convergence or divergence of beams of light 
by lenses is immediately deduced from the fact that the 
difierent points of the ether wave reach the lens, and are 
retarded by the lens in succession, 

228, The density of the ether is greater in liquids and 
solids than in gases, and greater in gases than in vacuo. 
A compressing force seems to be exerted on the ether by 
the molecules of these bodies. Now if the elasticity of the 
ether increased In the same proportion as its density, the 
one would neutralize the other, and we should have no 
retardation of the velocity of light. The diminished ve- 



locity in highly-refracting Trodies is accounted for by aa- 
Bumiiig that in such bodies the elasticity in relation to the 
^nsitif is less than in vacuo. The observed phenomena 
iiniuediately flow from this assumption. 

229. The case is precieely similar to that of sound in a 
gaa or va|K>r which does not obey the law of Mariotte. 
Tlie elasticity of such a gas or vapor, when compressed, 
increases less rapidly than the density ; hence the dimin- 
ished velocity of the sound. 

230. But we are able to give a more distinct statement 
as to the influence which a refracting body has upon the 
velocity of light. Regard the lines o m and np in Fig. 2, 
Kote 113. These two lines represent tfie velocities ofUgM 
in the two media there considered ; or, expressed mora 
generally, the sine of the angle of incidence represents the 
velocity of light in the first medium, while the sine of the 
angle of refraction represents the velocity in the second. 
The index of refraction then is nothing else than t/ie ratio 
of tht two velocities. Thus in the ease of water, where the 
index of refraction is ^, the velocity in air is to its velocity 
in water as 4 is to 3, In glass also, where the index of 
refraction is f , the velocity in air is to the velocity in glass 
ae 3 is to 2. In other words the velocity of light in air 
is 1^ times its velocity in water, and Ij^ times its velocity 
in glass. The velocity of light in air is about 2 J- times its 
velocity in diamond, and nearly three times its velocity in 
chromate of lead, the most powerfully refracting sub- 
stance hit!ierto discovered. Strictly speaking, the index 
of refraction refers to the passage of a ray of light, not 
from air, but from a vacuum,* into the refracting body. 
Dividing the velocity of light in vacuo by its velocity in 
the refracting substance, the quotient is the index of re- 
fraction of that Bul>8tance. 

* That ui to Bay, a vacuum wve aa regards the etber itadf 
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231. In the wave theory, the rays of light are per* 
pendiculars to the waves of etticr. TTnlike the wave, the 
ray has no material existence ; it ie merely a direction. 

232. It has been stated, in Kate 1 29, that in the case 
of a plate of glass with parallel surfaces, the direction 
poBseBBed by an oblique ray, prior to iti meeting the glass, 
is restored when it quits the glass. This is not the case 
if the two surfaees at which the ray enters and emerges 
be not parallel. 

233. When the ray passes through a ■wedg&«haped 
transparent substance, in a dii-ection perpendicular to the 
edge of the wedge, it is permanently refracted. A body 
of this shape is called a prism in optics, and the angle en- 
closed by the two oblique sides of the wedge is called the 
refracting angle, 

234. The larger the refracting angle the greater is the 
deflection of the ray from its original direction. But with 
the self-same prism the amount of the refraction varies 
with the direction pursued by the ray through the prism. 

23fi. When that direotion is such that the portion of 
the ray within the prism makes equal angles with the two 
aides of the prism, or, what is the same, with the ray be- 
fore it reaches the prism and after it has quitted it, then 
the total refraction is a minimum. This is capable both of 
mathematical and experimental proof ; and on this result 
is based a method of determining the index of refraction. 

236. The final direction of a refracted ray being un- 
altered by its passage through glass plates with parallel 
surfaces, we may employ hollow vessels composed of such 
plates and tilled with liquids, thus obtaining liquid 
prisms. 
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JPrismatia Ancdysi* of Light ; Dispersion. 

237. Newton first imravelled the solar light, proving 
it to be composed of an infinite nunaber of rays of diSereat 
(le<|rees of refrangihility ; when such light is sent through 
a prism, its constituent rays are drawn asunder. This ant 
of drawinj^ apart is called dieperaion, 

238. The waves of ether generated by luminous bodies 
are not all of the same length ; some are longer than 
others. In refracting substances the short waves are mora 
retarded than the longer ones ; hence the short waves are 
more refracted than tlie long ones. This is the cause of 
dispersion. 

2.^9. The luminous image formed when a beam of white 
light is thus decomposed by a prism is called a spectrum. 
If the light employed be that of the sun, the image is 
called the solar spectrum. 

240, The solar spectrum consists of a series of vivid 
colors, which, when reblended, produce the original white 
light. Commencing with that which ia least refracted, 
we have the following order of colors in the solar spec- 
trum : Red, Orange, Yellow, Green, Blue, Indigo, Violet, 

241, The Color of lAght is determined solely by its 
Wave-length, — The ether waves gradually diminish in 
length from the red to the violet. The length of a wave 
of red light is about gaiin th of an inch ; that of the wave of 
violet light is about , ,J ^^ th of an inch. The waves which 
produce the other colors of the spectrum lie between these 
extremes. 

242, The velocity of light being 192,000 miles vn a 
second, if we multiply this number by 39,000 we obtain 
the number of waves of red light in 192,000 miles; the 
product is 474,439,680,000,000. All these waves enter the 
eye in a second. In the same interval 699,000,000,000,000 
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w»Tes of violet light enter the eye. At this prodigioua 
rate is the retina hit by the waves of light, 

243. Color, in fact, is to light what pit<;k is to sound. 
The pitch of a note depends solely on the number of 
nerinl waves which strike the ear in a second. The color 
of light depends on the number of ethereal waves which 
strike the eye in a second. Thus the at; ligation of red is 
protlui^ed by imparting to the optic nerve four hundred 
and 8vveiity-four millions of millions of impulses per 
second, while the sensatioii of violet is produced by im- 
parting to the nerve six hundred and ninety'tiinc millions 
of mil lions of impulses per second. In the Emission 
Theory numbers not lees immense occur, "nor is there 
iny mode c>f conofiving the subject which does not call 
upon us to admit the exertion of mechanical forces which 
may well be termed infinite." • 

Xnvtsible Jia)/» / Caloresemce and Fluorescence. 

244, Tlie spectrum extends in both directions beyond 
its visible limits. Beyond the visible red we have rays 
wliioh poBsess a high heating power, though incompetent 
to excite vision ; beyond the violet we have a vast body 
of rays which, though feeble as regards heat, and power> 
lots as regards light, arc of the highest importance be* 
e&a86 of their capacity to produce chemical action. 

846, In the case of the electric light, the energy of the 
non-luminous calorific rays emitted by the carbon points 
is about eight times that of all the other rays taken to- 
gi'thcr. The dark calorific rays of the sun also probably 
e»eocH matiy times in power the luminous solar rays. It 
U pooHiblc to sift the solar or the electric beam so as to 
irjlcrccpt the luminous rays, while the uou-luminous rava 
tru allowed free transmission. 

■ Sir John IleraoheL 



INVISIBLE RAyS. 



246. In this way jwrfeotly dark foci may be oLtamed 
where combustible bodies may be burned, non-refractory 
metals fused, and refractory ones raised to the tempera- 
ture of whiteness. The non-lnminous calorific rays may 
he thus transformed into luminous ones, which yield all 
the colors of the spectrum. This passage, by the inters 
vention of a refractory body, from the non-luminous to the 
luminous state, is called Calorescence. 

247. So also as regards the ultra-violet rays; when 
they are permitted to fall upon certain substances — the 
disttlphate of quinine for example— they render the sub- 
stance luminous ; invisible ray « are thereby rendered vui- 
ble. The change here receives the name of fluorescence. 

248. In calorescence the atoms of the refractory body 
are caused to vibrate more rapidly than the waves which 
fall upon them ; the periods of the waves are quickened by 
their impact on the atoms. The refrangibility of the rays 
is, in fact, exalted. In fluorescence, on tlie contrary, the 
impact of the waves throws the molecules of the fluores- 
cent body into vibrations of slower periods than those 
of the incident waves ; the refrangibility of the rays is 
in fact lowered. Thus by exalting the refrangibility of 
the ultra-red, and by lowering the refrangibility of the 
ultra-violet rays, both classes of rays are rendered capable 
of exciting vision. 

249. Though the term is by no means faultless, those 
rays, both ultra-red and ultra-violet, which are incom- 
petent to excite vision, are called invisible rays. In 
Btriotness we cannot speak of rays being either yisible or 
invisible ; it is not the rays themselves but the objects 
fhey illuminate that become visible. " Space, though 
traversed by the rays from all suns and all stars, is itself 
unseen. Not even the ether which fills space, and whosa 
motions are the light of ihc world, is itself visible." * 

• " Proceedings of the Rojul Instituiion," toI. t., p, 456. 
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tTie rapidity of the lower. In Note 241 the lengtlis of the 
wave of red light and of Tiolet light are set down ae jTrJ^nr 
of an inch and sri^z^ *° respectively; but these 
numbers refer to the mean red and the mean violet. The 
waves of the ^treme violet are about half the length of 
those of the extreme red, and they strike the retina with 
double the rapidity of the red. While, therefore, the miMie- 
€U scale, or the range of the ear, is known to embraoe nearly 
eleven octaves, the optical scale, or range of the eye, is 
comprised within a single octave. 

Doctrine of Colors. 

3S5. Natural bodies possess the power of extinguish- 
ing, or, as it is called, absorbing the light that enters them. 
Tills power of absorption is selectim, and hence, for the most 
part, arise the phenomena of color. 

256. When the light which enters a body is whollf/ 
absorbed the body is black ; a body which tibsorbs all the 
waves equally, but not totally, is gray ; while a body which 
absorbs the various waves unequally is aolored. Color is 
due to the extinction of certaio constituents of the white 
light within the body, the remaining constituents which 
return to the eye imparting to the body its color. 

267. It is to be borne in mind that bodies of all colors, 
illuminated by white light, reflect white light from their 
exterior surfaces. It is the light which has plunged to a 
certain depth within the body, which has been asyifct? there 
by elective absorption, and then discharged from the body 
by interior reflection that, in general, gives the body its 
color. 

258. A pure red glass interposed in the path of a beam 
deoott) posed by a prism, either before or after the act of 
decomposition, cuts off all the colors of the spectrum except 
the red. A glass of any other pure color similarly inter- 
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posed TyoTild cot off all the Bpeotrum except that particular 
portion which gives the glass its color. It is, however, 
extremely difficult, if not impossible, to obtain pure pig- 
ments of any kind. Thus a yellow glasB not only allows 
the yellow light of the spectrum to pass, but also a portion 
of the adjacent green and orange ; while a blue glass not 
only allows the blue to pass, but also a portion of the ad- 
jacent green and indigow 

259. Hence, if a beam of white light be caueed to paBS 
through a yellow glass and a blue glass at the same time, 
the only transmissible color common to both is green. 
This explains why blue and yellow powders, when mixed 
together, produce green. The white light plunges into 
the powder to a certain depth, and is discharged by inter- 
nal reflection, minus its yellow and its blue. The green 
alone remains, 

260. The effect is quite different when, instead of mix- 
ing blue and yellow pigments^ we mix blue and yellow 
lights together. Here the mixture is a pure white. Blue 
and yellow are complementary colors. 

261. Any two colors whose mixture produces white are 
called complementary colors. In the spectrum we have 
the following pairs of such colors : 

Sed and greenish BIdb. 
Orange and cj^anogen Blue, 
Tellow und indigo Blue. 
Greoniah Yellow and Violet. 

262. A body placed in a light which it is incompetent 
to transmit appears black, however intense may be the 
illumination. Thus, a stick of red sealing-wax, placed in 
the vivid green of the spectrum, is perfectly black. A 
hright-red solution similarly placed cannot be distinguished 
from bbick ink ; and red cloth, on which the s^pectru'a isi 
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^rmitted to fall, shows its color vividly where the red 
light falls upon it, but appears black beyond this position. 

263. We have thus far dealt with the analysis of white 
light. In reblending the constituent colors, so as to pro- 
duce the original, we illustrate, hy eynthesis, the composi- 
tion of white light. 

264. Let the beam analysed be a rectangular slice of 
light. By means of a cylindrical lens we can recombine 
the colors, and produce by their mixture the original white. 
It is also poasible, by the combination of the colors of its 
spectrum, to build up a perfect image of the source of light. 
The persistence of impressions on the retina also offers a 
ready means of blending colors. 

Ohromaiic AberrcU ion. — A chromatism. 

265. Owing to the different refrangibility of the differ- 
ent rays of the spectrum, it is impossible by a single 
spherical lens to bring them all to a focus at tho same 
point. The blue rays, for example, being more refracted 
than the red will intersect sooner than the red, 

266. Hence, when a divergent cone of white light is 
rendered convergent by a lens, the convergent beam, far 
as the point of intersection of the rays, will be surrounded 
by a sheath of red ; while beyond the focus the divergent 
cone will he surrounded by a sheath of blue. Hence, when 
the refracted rays fall upon a screen placed between the 
lens and the focus of blue rays, a white circle with a red 
border is obtained ; while if the screen be placed beyond 
the focus of red rays, the white circle will have a blue 
border. It is impossible to produce a colorless image in 
t hese positions of the screen. 

267. This lack of power on the part of a lens to bring its 
differently-colored constituents to a common focus, is called 
the Chromatic aberration of the lens. 
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268. Newton considered it impossible to get rid of 
cbromatio aberration ; for he eiipposed the dispersion of a 
prism or lens to be proportional to its refraction, and that 
if you destroyed the one yon destroyed the other. This, 
however, was an error. 

269. For two prisms producing the same mean refrac- 
tion may produce very different degrees of dispersion. By 
diminishing the angle of the more highly-dispersive prism 
we can make its dispersion sensibly equal to that of the 
feebly dispersive one ; and we can neutraliste the colors of 
both prisms by placing thorn in opposition to each other, 
without neutralizing the refraction. 

270. When, for example, a prism of water is opposed 
to a prism of flint-glass, after the dispersion of the water, 
which is small, has been destroyed, the beam is still re- 
fracted. If a prism of srotmi-glms be aubatituted for the 
prism of water, snbstantially the same effect is produced. 
The flint-glass is competent to neutralize the disperaion of 
the crown before it neutralizes the refraction. 

271. What is here said of prisms applies equally to 
lenses. A convex crown-glass lens, opposed to a concave 
flint-glass lens, may have its dispersion destroyed, and still 
images may be formed by the combination of the two 
lenses, becanse of the residuai refraction. 

272. A combination of lenses wherein color is destroyed 
while a certain amotut of refraction is preserved, is called an 
achromatic combination, or more briefly an achromatic lens, 

273. The human eye is not achromatic. It suffers from 
chromatic aberration as well as from spherical aberration. 

Subjective Colors. 

274. By the action of light the optic nerve is rendered 
less sensitive. When we pass from bright daylight into a 
tuoderately-lighted room, the room appeal's dark. 
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276. This is also true of individual colors; vhen light 
of any particular color falls upon the eye, the optic nerve 
is rendered less sensitive to that color. It is, in fact, par- 
tially blinded to its perception. 

276, If the eyes be steadily fixed upon a red -wafer 
planed on white paper, after a little time the wafer ivill be 
surrounded by a greenish rim, and if the wafer be moved 
away, the place on which it rested will appear green. 

217. This is thus explained: the eye by looking at the 
wafer has its sensibility to red light diminished ; hence, 
when the wafer is removed, the white light falling npon 
the spot of the retina on which the image of the wafer 
rested, will have its red constituent virtually removed, and 
will therefore appear of the complementary color. The 
first rim of green light observed is due to the extension of 
the red light of the wafer a little beyond its geometrical 
image on the retina, in consequence of the spherical aberra- 
tion of the eye. 

278. Colored shadows are reducible to the same causa 
Let a strong red light, for example, fall upon a white screen. 
A body interposed between the light and the screen will 
cast a shadow, and if this shadow be moderately illumi- 
nated by a second white light it will appear green. If the 
original light be blue, the shadow will appear yellow ; if 
the original light be green, the shadow will appear red. 
The reason is, that the eye in the first instance is partially 
blinded to the perception of the color cast upon the screen j 
hence the white light, which reaches the eye from the 
shadow, will have that color partially withdrawn, and the 
shadow will appear of the complementary color. 

279. Colors of this kind are called subjective colors/ 
they depend upon the condition of the ey^ and do not ex- 
press external facts of color. 
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Spectrum Analyau, 

f 280. Metak and their compounds imj>art to flameB pc 
culiar colore, wliich are characteristic of the metals. Tims 
the almost lighiless flame of a Bunsen's burner is rendered 
a brilliant yellow by the metal sodium, or by any volii- 
tilizible compound of that metal, such as chloride of sodium 
or common salt. The flame is rendered green by copper, 
purgle by zinc, and red by strontian. 

381. TKese colors arc due to the vapors of the metala 
■which are liberated in the flame, 

282. When auch incandescent metallic vapors are ex« 
amined by the prism, it is found that instead of emitting 
rays wbich form a continuous spectrum, one color passing 
gradually into another, they emit distinct groups of rays 
of definite, but difiereiit refrangibiUties. The spectrum 
corresponding to these rays is a series of colored bands, 
separated from each other by intervals of darkness. Such 
bands are characteristic of luminous gases of all kinds. 

283. Thus the spectrum of incandescent sodium- vapor 
consists of a brilliant band on tlie confines of the orange 
and yellow ; and tlie vapnr is incompetent to shed forth 
any of the other light of the spectrum. When this band 
is more accurately analyzed it resolves itself into two dis- 
tinct bands ; greater delicacy of analysis resolves it into O 
group of bands with fine dark intervals between tbem. 
The spectrum of copper-vapor is signalized by a series of 
green bands, while the incandescent vapor of zinc produces 
brilliant bands of blue and red. 

284. The light of tbe bands produced by metallic 
vapors is very intense, the whole of tbe light beiisg con- 
centrated into a few narrow strips, and escaping in a great 
measure the dilution due to dispersion. 

285. These colored bands are perfficfclv ohnrarteriatio 
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«f the vapor ; from their position and number the aub- 
■tanee that produces them can be unerriDgly inferred, 

288. If two or moi-e metals be introduced into the 
flame at the same time, prismatic analysis reveals the hands 
of each metal as if the others were not there. This is also 
true when a mineral containing several metals is intro- 
duced into the flame. The constituent metals of the min- 
eral will give each its characteristic bands. 

287, Hence, having made ourselves acquainted with 
the hands produced by all known metals, if entirely new 
bands show themselves, it is a proof that an entirely new 
metal is present in the flame. It is thus that Buuscn and 
Kirchhoff, the founders of spectrum analysis, discovered 
Rubidium and Caesium ; and that Thallium, with its superb 
green band, was discovered by Mr. Crookes. 

288, The permanent ffoses when heated to a suflicient 
temperature, aa they may be by the electric discharge, 
also exhibit characteristic bauds in their spectra. By 
these bands they may be recognized, even at stellar dis- 
tances. 

289, The action of light upon the eye is a test of un- 
rivalled delicacy. In spectrum analysis this action is 
brought specially into play; hence the power of this 
method of analysis.* 

Farther Definition of Madiati&n and Absorption. 

200. The terms ray, radiation, and absorption, were 
employed long prior to the views now entertained regard- 

• Many persons lire itioompetent to diBtin^isb one color of the speo- 
cmm from auottiGr ; red und green, fur eiutople, are often oonfuunded, 
Dilton, the celebrated founder of the Atomic Theory, could only distin- 
guiMh by their form ripe s-ed cherries from the green lesTes of the tree^ 
Thia point is now attended to in the choice of ongme-drivera, vho ba^e 
to distinguish one colored ei;fn«l from another. The defect ia callea 
lindiiai, und aom<!time4 Dtiltonam, 
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ing the nature of light. It ia necessary more clearly to 
understand the meaning attached by the undulatory theory 
to those terms, 

391. And to complete our knowledge it is necessary to 

tknow that all bodies, whether luminous or non-luminous, 
Kre radiants y if they do not radiate Ugbt they radiate 
heat. ^ ~ 

292. It is also necessary to know that Inminons rays 
are also heat^rays ; that the self-same waves of ether falling 
on a thermometer produce the efijects of heat ; and im- 
pinging upon the retina produce the sensation of light. 
The rays of greatest heat, however, as already explained, 
lie entirely without the visible spectrum, 

293. The radiation both of light and heat consists in 
the communication of motion from the vibrating atoms 
of bodies to the ether which surrounds them. The ab- 
sorption of heat conslBts in the acceptance of motion, on 
the part of thT atoms of a body, from ether which has been 
already agitated by a source of light or heat. I n radia- 
tion, then, motion is yielded to the ether ; in absorption, 
motion is received from the ether. 

294. When a ray of light or of heat passes througti a 
body without loss; in other words, when the waves ar» 
transmitted through the ether which surrounds the atoms 
of the body, without sensibly imparting motion to the 
atoms themselves, the body is transg^ent. If motion be 
in any degree transferred from the ether to the atoms, in 
that degree is the body o^a^ue. 

393. If either light or radiant heat be absorbed, the 
absorbing body is warmed; if no absorption takes place, 
the light or radiant heat, whatever its intensity may be, 
passes through the body without affecting its tempera* 
ture. 

29C. Thus la the dark foci referred to m Note 246, Of 
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in the focaa of the most powerful burning mirror which 
concentrates the beams of the son, the air might be of a 
freezing tetaperature, because the absorption of the heat 
by the air is inseustble. A plate of clear rock-salt, more- 
over, placed at tlie focus, is scarcely sensibly heated, tlia 
absorption being sinttll; while a plate of glass is shivered, 
and a plate of blackened platinum raised to a white heat, 
or even fused, because of their powers of absorption. 

297. It is here worth remarking that calculations of 
the temperatures of comets, founded on their distances 
from the sun, may be, and probably are, entirely fal- 
lacious. The comet, even when nearest to the aun, might 
bo intensely cold. It might carry with it round its 
perihelion the chill of the most distant regioDS of space. 
If transparent to the aolar rays it would be unaffected 
by the solar heat, as long as that heat maintained ths 
radiant Jbrm. 

JYie Pure Spectrum : Fraunhofer'a Idnes. 

298. When a beam of white light issuing from a slit ia 
decomposed, the spectrum really consists of a series of 
colored images of the slit placed side by side. If the slit 
be -wide, these images overlap ; but in a pttre spectrum 
the colors must not overlap each other. 

299. A pure spectrum is obtained by making the slit 
through which the decomposed beam passes very narrow, 
and by sending the beam through several prisms in suc- 
cession, thus augmenting the dispersion. 

300. When the light of the sun is thus treated, the 
solar spectrum is found to be not perfectly continuous ; 
across it are drawn innumerable dark lines, the rays cor- 
responding to which are absent. Dr. Wollaston was the 
fi rst to ob serve some of the so lines. They were afterward 

lied with suprem e skill by E'raunhofcr, who lettered 
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tiLem and made accurate maps of them, and from him they 
'have beeo called tVaunhofer's lines. 

Reciprocity of Radiation and Absorption. 

301. To account for the misBing rays of the lines of 
Frauuhofer was long an enigma with philosophers. By 
the genius of Kircliliofi' the enigma was solved. Its solu- 
tion carried with it a new theory of the constitution of the 
sun, and a demonstration of a method which enables ua 
to detei-mine the chemical composition of the sun, the 
Stars, and the nebulae. The application of Kirchhoff's 
principles by Messrs. Huggins, MUler, Secchi, Janssen, 
and Loekyer, has been of especial interest and importance. 

302. Kirchhoff's explanation of the lines of Fraunhofer 
is based upon the principle that every body is specially 
opaque to such ray a as it can itself emit when rendered 
incandescent. 

303. Thus the radiation from a carbonic-oxide flame, 
which contains carbonic acid at a high temparature, is in- 
tercepted in an astonishing degree by carbonic acid. If 
the rays from a sodium flame be sent through a second 
sodium flame, they will be stopped with particular energy 
by the second flame. The rays from incandescent thal- 
lium vapor are intercepted by thallium vapor, those from 
lithium vapor by lithium vapor, and so of the other 
metals. 

304. In the language of the nndulatory theory, waves 
of ether are absorbed with special energy— their motion is 
taken up with special facility— by atoms whose periods of 
vibration synchronize with the periods of the waves. This 
is another way of stating that a body absorbs with special 
energy the rays which it can itself emit. 

305. If a beam of white light be aent through the in- 
tensely yellow flame of sodium vapor, the yellow con* 
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etituent of the beam is intercepted by the flame, while 
rays of other refraTigibilities arc allowed free transmission, 
308. Hence, when the spectrum of the electric light is 
tlirown upon a white screen, the introduction of a sodium 
flame into the path of the rays cuts off the yellow compo- 
nent of the light, and the spectrum is furrowed by a dark 
band in place of the yellow. 

307, Introducing other flames in the same manner in 
the path of the beam, if the quantity of metallic vapor in 
the flame be suilicient, each flame will cut out its own bands. 
And if the flame through which the light passes contain 
the vapors of several metals, we shall have the dark char- 
acteristic bands of all of them upon the screen. 

308, Expanding in idea our electric light until it forms 
a globe equal to the sun in size, and wrapping round this 
incandescent globe an atmosphere of flame, that atmos- 
phere would cut off' those rays of the globe which it can 
itself emit, the interception of the rays being declared by 
dark lines in the spectrnm. 

309, We thus arrive at a complete explanation of the 
lines of Fraunhofer, and a new theory of the constitution 
of the sun. The orb cooisistB of a solid or molten nucleus, 
in a ocndition of intense incandescence, but it is sur- 
rounded by a gaseous ptiotosphere containing vapors 
which absorb those rays of the imcleus which they them- 
selves emit. The lines of Fraunhofer are thus produced. 

310, The lines of Fraunhofer .ire narrow baiids of 
paHiai darkness ; they are really illuminated by the light 
of the gaseous envelope of the sun. But this is so feeble 
in comparison with the light of the nucleus intercepted by 
the envelope, that the bands appear dark in comparison 
with the adjacent brilliance, 

311, Were the central nucleus abolished, the bands 
q£ Fraunhofer on a perfectlij dark ground would be trans- 

6 
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forraed into & scries of bright bands. These would re* 
semble the spectrs obtained from a flame charged with 
metallic vapors. They would constitute the spectrum of 
the solar atmosphere, 

312. It Ls not necessary that the pbotoephere shoald 
be composed of pure eapor. Doubtless it contains vast 
masses of incandescent cloudy matter, composed of white 
hot molten particles. These intensely laminoos white hot 
clouds may be the main origin of the light which the earth 
receives from the son, and with them the true vapor of the 
photosphere may be more or less confusedly mingled. But 
the vapor which prodnces the lines of Fraimhofer most 
exist outside the clouds, as assumed by KlrchhoS 

Solar Chemistry^ 

313. From the dark bands of the spectrum we can de- 
termine what substances enter into the composition of the 
■ol&r atmoephere. 

314. One example will illustiate the possibility of this. 
Let the light from the sun and the light fi^m incanct^ 
cent sodium vapor pass side by side thmugh the same slit, 
and be decomposed by the same prism. The solar light 
will produce its spectrum, and the sodium light its yellow 
band. This yellow band will coincide exactly in position 
with a characteristic dark band of the solar spectrom, 
which Frannhofer distingoishes by the letter d. 

S15. Were the solar nncleus absent, and did the va- 
porous photosphere alone emit light, the dark line d would 
be a bright one. Its character and position prove it to be 
the light emitted by sodium. This metal, therefore, is 
eontained in the atmosphere of the sun.* 

* Bj n fma ee to note S83 it win be «ees tjist the lodiiuD line is 
•BMlTed hj d«£alc andTtii into a gnmp of lines. The Fnushofer 
iuk hand V m amfluij nmbei. It oo^lit to be mmtkHwd tbst bcA 
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3 J 6, The result is atill more convincing when a metal 
which gives a Dumerous series of bright bands finds each 
of its bands exactly coincident with a dark band of the 
solar spectrum. By this method Kirchhoff, to whom -we 
owe, in all its completeness, this splendid generalization, 
established the existence of iron, calcium, magnesium, 
sodium, chromium, and other metals, in the solar atmos- 
phere; and Mr. Huggias has extended the application of 
the method to the light of the planets, fixed stars, and 
aebulae.* 

JPlanetary Chemistry. 

317. The light reflected fi 'Om the moon and planets is 
Bolar light ; and, if unaffected by the planet's atmosphere, 
the spectrum of the planet would show the same lines as 
the solar spectrum. 

318. The light of the moon shows no other lines. There 
is no evidence of an atmosphere round the moon. 

319. The lines in the spectrum of Jupiter indicate a 
powerful absorption by the atmosphere of this planet. The 
atmosphere of Jupiter contains some of the gases or vapors 
present in the earth's atniospliere. Feeble lines, some of 
them identical with those of Jupiter, occur in the spectrum 
of Saturn. 

320. The lines characterizing the atmospheres of Jupiter 
and Saturn are not present in the spectrum of Mars. The 
blue portion of the spectrum is mainly the seat of absorp- 
tion ; and this, by giving predominance to the red rays, 
may be the cause of the red color of Mars. 

321. All the stronger lines of the solar spectrum are 
found in the spectrum of Venus, but no additional lines, 

Mr. Talbot and Sir John Herachel clearly foresaw the possibilitj of em- 
UlayiDg spectnuD analjsiii in detecting minute traces of bodiea. 

* Prof. Stakes foresaw the possible application of spectrum analfsii 

eolar cliei ilstr^ . 
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Stellar Chemistry, 

S22, The atmosphere of the Btar Aldebaran coutains 
hydrogen, sodium, magnesium, calcium, iron, bismuth, 
tellurium, antimony, mercury. The atmosphere of the star 
Alpha in Orion contains sodium, magnesinm, calcium, 
iron, and bismuth. 

823. No star sufficiently bright to give a spectrum has 
been observed to be without lines. Star differs from star 
only in the grouping and arrangement of the numerous 
fine lines by which their spectra are crossed. 

324. The dark absorption lines are strongest in the 
spectra of yellow and red stars. In white stars the lines, 
though equally numerous, are very poor and faint. 

325. A comparison of the spectra of stars of different 
colon suggests that the colors of the stars may be due to 
the action of their atmospheres. Tliose constituents of the 
white light of the star on which the lines of absorption fall 
thickest are subdued, the star being tinted by the residual 
color. 

Father Secchi, of Rome, has studied the light of many 
hundreds of stars, and has divided them into four classes. 

I/ebular Chemistry. 

326. Some nebulse give spectra of bright bands, others 
give continuous spectra. The light from the former ema-* 
nates from intensely heated matter existing in a state of 
gm. This may in part account for the weakness of the 
light of these nebulse. 

327. It is probable that two of the constituents of the 
gaseous nebulte are hydrogen and nitrogen. 

Th& Jted Prominences and Mivelope of the Sun. 

328. Astronomers Had observed during total eclipses 
of the sun vast red prominences extending from the solar 
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limb many thousand miles into space. The intense iUumi- 
nation of the circ\imsolar region of our atmosphere masks, 
under ordinary circumstances, the red prominences. They 
are quenched, as it were, by excess of light. 

329, But when, by the intervention of the dark body 
of the moon, thiB light is cut of^ the prominences are dis< 
tinctly seen, 

830. It was proved by Mr. De la Rue and othera 
that the red matter of the prominences was wrapped round 
a large portion of the sun's surface. According to the 
observations of Mr. Lockyer, the red matter forms a com- 
plete envelope round the sun. 

331. Examined by the spectroscope the matter of the 
prominences shows itself to be, for the most part, incan- 
descent hydrogen. With it are mixed the vapors of sodium 

-and magnesium. 

332. Mr. Janssen, in India, and Mr. Lockyer subse- 
quently, but independently, in England, proved that the 
bright bands of the prominences might be seen without 
the aid of a total eclipse. The explanation of this dis- 
covery is glanced at in Note 284, where the intensity of 
the bright bands of incandescent gases was referred to the 
practical absence of dispersion. 

333. By sending the light, which under ordinary cir- 
cumstances masks the hydrogen bands, through a sufficient 
number of prisms, it may be dispersed, and thereby en- 
feebled in any required degree. Wlien sufficiently en- 
feebled the undispersed light of the incandescent hydrogen 
dominates over that of the continuous spectrum. By going 
completely round the periphery of the sun Mr. Lockyer 
found this hydrogen atmosphere everywhere present, its 
depth, generally about 5,000 miles, being indicated by the 
length of Its characteristic bright lines. Where the 
hydrogen ocean is shallow, the bright bands are short; 
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where tlio promineuces rise like vast waves above the level 
of the ocean, the bright lines are long. The prominenoea 
BometimeB vmuh a ht-'ight of 70,000 miles. 

T/ie Mainbou). 

334. A beam of solar light, falling obliquelj on the 
surface of ii rain-drop, is refracted on entering the drop ; 
it is in part roflocttid at the back of the drop, and on 
emerging from tlio drop it is again refracted. 

335. By tbuNc two refractions on entrance and on 
cmergenco the beam of light Ib deconapoeed, and it quits 
the drop rocolved into its colored constituents. It is re- 
ceived by tlie eye of an observer who faces the drop and 
turns bis back to the sun, 

330. In general the solar rays, when they qnit the drop, 
are divergent, and therefore produce but a feeble effect 
upon the eye. But at one particular angle the rays, after 
having been twice refracted and once reflected, issue from 
the drop almost perfectly parallel. They thus preserve 
their intensity like rays reflected fi-om a parabolic mirror, 
and produce a corresponding effect upon the eye. The 
angle at which this parallelism is established varies with 
the refrangihility of the light. 

337. Draw a line from the sun to the observer's eye 
ftrid prolong this line beyond the observer. Conceive an- 
other line drawn from the eye enclosing an angle of 42° 
30' with the line drawn to the sun. The rain-drop struck 
I by this second line will send to the eye a parallel beam of 
red light. Every other drop simUarly situated, that is to 
say, every drop at an angular distance of 42° 30' from the 
line drawn to the sun, will do the same. We thus obtain 
a circular band of red light, forming part of the base of a 
Qone, by which the eye of the observer is the apex, Becaosd 
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of the angular magnitude of the sun the width of thia b^nd 
will be half a degree. 

338. From the eye of the observer conceive another 
line to be drawn enclosing an angle of 40° 30' with the line 
drawn to the sun. A drop struck by this line will send 
along the line an almost perfectly parallel beam of violet 
light to the eye. All drops at the same angular distance 
wiU do the same, and we shall obtain a band of violet 
light of the same width as the red. These two bands con- 
stitute the limiting colors of the rainbow, and between 
them the bands corresponding to the other colora lie. 

339. The rainbow is in fact a spectrum, in which the 
rain-drops play the part of prisms. The width of the bow 
from red to violet is about two degree b> The size of tho 
arc visible at any time manifestly depends upon the posi- 
tion of the sun. The bow is grandest when it is formed 
by the rising or the setting sun. An entire semicircle ia 
then seen by an observer on a plain, while from a mountain- 
top a still greater arc is visible. 

340. The angular distances and the order of colors here 
given correspond to the primary bow, but in addition to 
this we usually see a secondary bow of weaker hues, and 
in which the order of the colors is that of the primary in- 
verted. In the primary the red band forms the convex; 
surface of the arch ; it is the largest band j in the second- 
ary the violet band is outside, the red forming the con- 
cavity of the bow. 

341. The secondary bow is produced by rays which 
have undergone tioo reflections within the drop, as well as 
two refractions at its surface. It is this double internal 
reflection that weakens the color. In the primary bow the 
incident rays strike the upper hemisphere of the drop, and 
emerge from the lower one ; in the secondary bow the in- 
cident rays strike the lower hemisphere of the drop, emerge 
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from the upper one, and then croBB the inciiient r&ys to 
reach the eye of the ohaerver. The secondary bow is 3^ 
degrees wide, and it is 1} degrees higher thati the primary. 
From the apace betweeu the two hows part of the light 
reflected from the anteriw surfaces of the rain-drops 
reaches the eye ; but no light whatever that enter* the 
rain-drops in this space is reflected to the eye. Hence this 
region of the falling shower is darkest. 

Interferenci of Light, 

342. In wave-motion we must clearly distinguish tho 
motion of the wave from the motion of the individual par- 
tides which at any moment constitute the wave. For 
while tlie wave moves forward through great distances, 
the individual particles of water concerned in its propaga- 
tion perform a comparatively short excursion to and fro. 
A sea-fowl, for example, as the waves pass it, is not car- 
ried forward, but moves up and down,* 

313, Here, as in other cases, the distance through 
which the individual water particles oscillate, or through 
which the fowl moves vertically up and down, is called 
the amplitude of the oscillation. 

344. When light from two different soarces passes 
through the same ether, the waves from the one source 
must be more or less affected by the waves from the other. 
This action is most easily illustrated by reference to water- 
waves. 

345. Let two stones be oast at the same moment into 
still water, Konnd each of them will spread a series of 
circular waves. Let us fix our attention on a point a in 
the water, equally distant from the two centres of disturb- 
ance. The first two crests of both systems of waves reach 

* Strictti? speaking, the water particles deicribe datad curvet, and not 
•traight vertical tioes. 
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this point at the same moment, and it is lifted by their 
joint action to twice the lieight that it would attain through 
tlie action of either wave taken singly. 

346. The first depression, or siViuj as it is called, of the 
one system of waves also reaches the point a at the same 
noment as the first sinus of the other, and througb tlieir 
joint action the point is depressed to twice the depth that 
it would attain by the action of either sinus taken singly. 

347. What is true of the first crest and the first de- 
pression is also true of all the sacceeding ones. At thn 
point A the successive crests will coincide, and the suo- 
cessive depressions will coincide, the agitation of the point 
being twice what it would be if acted upon by one only of 
the systems of waves. 

848. The length of a wave is the distance from any 
crest, or any sinus, to the crest or sinus next preceding or 
succeeding. In the case of the two stones dropped at the 
same moment into still water, it is manifest that the coin- 
cidence of crest with crest and of sinus with sinus would 
also take place if the distance from the one stone to the 
point A exceeded the distance of the other stone from the 
same point by a whole wave-length. The only difference 
would be, that the second wave of the nearest stone would 
then coincide with the first wave of the most distant one. 
The one system of waves would here be retarded a whole 
wave-length behind the other system. 

349. A little reflection will also make it clear that 
coincidence of crest with crest and of sinus with sinus will 
ftlso occur at the point A when the retardation of the one 
lystem behind the other amounts to any number of whola 
wavelengths, 

350, But if we suppose the point a to be half a wave- 
length more distant from the one stone than from the 
other, then as the waves pass the point a the crests of one 
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(vf t)u< ayKtfunR will alwayt m>mci()« with the einuBeB of the 
Dthor. \Vhi>ti II wave of tb« outt system tends to elevate 
ilut |kitiiit> A, >k wavo fifont tlto other system will, at the 
MitiDK iiiomtMit, toiiil to <U>prtNis8 it. As a consequence the 
jiuUil will iioithor rin* iiur sink, as it would do if acted 
U}i*Mi liy »>illu'r KyuUuu oi waves taken Biugly. The same 
uitutmllxittiou ii|'iiu>Ui>u ^HHHtrtt when> the diflerence of path 
hutwuoit tlit< tw» !(t^>iu>«i :uid tlitf (Mint a amounts to any 
ViM itMtuiior ut' liulf w«vt«<Witgtlis. 

lift I . \U<rs\ t hy Hildtitg motion to motion, we abolish 
lUtitltut nutl jirtKliicti n-»t, lu }tr«.>ci»ely the eame way we 
titiii, |iy NtltlihH Kouui) to (tounti, produce eOence, one sya- 
ttuii i>r douud-WHYi-N Wm^ oau^nl to neutralize another. 
Hti mImo l>y ndtlinn li>- u wi> can produce cold, while 

Ity Httdiiit; light li> lighl wo van |in>duee darkneee. It is 
tliU imrloot uh'utily of it>c tli>]MiirtnnMit of light and radiant 
hvnl with tho jihoDtMUv'ii^t ••( u iw-nuninu that constitutes 
thtt tthiiuijlh of tho 'rimn'y of I'lidtilntton. 

KAJ, ThlN Kotloi) of oiiv HViDU'tu of waves upon another, 
wlitiroliy t h«i tviii<tlUtt>ry nun ion is either augmented or 
4iinintitli<«l, In oalltHl InttrtVrx'tui', In relation to optical 
phinu>uii<uu it IN oallod t\w Inttuference of Light. We 
iliNll htniwl'ortl) hiivo iY«<}ui^ut ooca^on to apply this 
prinoiphi. 

Ji\fihwtioH, or the It^flecHon q/ light, 

afia. Nt^wtou, who was familiar with the idea of an 
M'licr, and iudtit'd iiitrodiiittd it in some of his specula- 
tions, oliji'otcd timl if lijjlit were propagattjd by waves, 
thikdinvu Could not exist ; for thsU the waves would bend 
roiitul ojtmiuo IhkIiom, and ubolish the shadows behind 
llu>tu. Avoordiug to ihw wavo theory lliis bendiivg round 
e waves actually occurs, but the different portions 
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of tlie inflected waTCS destroy eacb other by their inter 

ference, 

354. This bending of the waves of light round the edgea 
of opaque bodies, receives the name of Diffraction or In- 
flection {German, Beugung). We haye now to consider 
some of the effects of diffraction. 

355. And for this purpose it is necessary that our source 
of light should be a physical point or a fine line : for when 
an extensive luminous surface is employed, the effects of 
its diffei'ent points in diS^tion phenomena neutrslizs 
each other. 

358. A point of light may be obtained by converging, 
by a lens of short focus, the parallel rays of the sun, 
admitted through a small aperture into a dark room. 
The small image of the sun formed at the focus is here 
our luminous point. The image of the sun formed on thh 
surface of a silvered bead, or indeed upon the convex fur- 
face of a glass lens, or of a watch-glaaa blackened within, 
also answers the purpose. 

357. A line of light is obtained by admitting the sun- 
light through a slit, and sending the slice of light through 
a cylindrical lens. The rectangular beam is contracted 
to a physical line at the focus of the lens, A glass tube 
blackened within and placed in the light, reflects from its 
surface a luminous line which also answers the purpose. 
For many experiments, indeed, the circular aperture, or 
the slit itself, suihces without any condensation by a 
.ens. 

358. In the experiment now to be described, a slit of 
variable width is placed in front of the electric lamp, and 
this slit is looked at from a distance through another slit, 
also of variable aperture. The light of the lamp is ren- 
dered monochromatic by placing a pure red glass in front 
of the slit. 
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359. With the eye placed in the straight Am drawn 
through both slits from the incandescent carbon poiots of 
the electric lamp an extraordinary appearance is observed. 
Firstly, the slit in front of the lamp is scon as a. vivid 
rectangle of Ught ; bnt riglit and left of it is a long series 
of rectangles, decreasing in vividness, and separated from 
each other by intervals of absolute darkness, 

360. The breadth of the bands varies with the width 
of the slit placed in front of the eye. If the slit be widened, 
the images become narrower, and crowd more closely to- 
gether; if the slit be narrowed, the images widen and 
retreat from each other. 

361. It may be proved that the width of the bands is 
inversely proportional to the width of the slit held in front 
of the eye, 

362. Leaving every thing else unchanged, let a bine 
glass or a solution of ammonia sulphate of copper, which 
gives a very pure blue, be placed in the path of the light. 
A series of blue bands is thus obtained, exactly like the 
former in all respects save one ; the blue rectangles are 
narrower, and they are cloter together, than the red ones. 

363. If we employ colors of intermediate refrangibili- 
ties between red and blue, which we noay do by causing 
the different colors of a spectrum to shine through the slit, 
we should obtain bands of color intermediate in width and 
occupying intermediate positions between those of the red 
and blue. Hence when vshite light passes through the slit 
the various colors are not superposed, and instead of a 
series of monochromatic bands, separated from each other 
by intervals of darkness, we have a series of colored spec- 
tra placed side by side, the most refrangible color of each 
spectrum being nearest to the slit. 

364. When the slit in front of the camera is illuminated 
by a candle-flame, instead of the more intense electric Ught, 
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■nbstatitiatly the same effects, though lees brilliant, are 
ohserved. 

365. What is the meaTiing of this experiment, and how 
are the lateral images of the slit produced ? Of these and 
certain accompanying results the emission theory is in- 
competent to offer any explanation. Let us see how they 
are accounted for by the theory of undulation. 

366. For the sake of simplicity, we will consider the 
case of monocliromatic light. Conceive a wave of ether 
advancing from the first slit toward the second, and finally 
filling the second slit. When the wave passes through 
the latter it not only pursues its direct course to the 
retina, but diverges right and left, tending to throw into 
motion the entire mass of the ether behind the slit. In 
fact, everi/ point of the wave which Jills the slit is itself a 
centre of new wave-systems, which are transmitted in alt 
directions through the ether behind the slit. We have 
now to examine how these secondary waves act upon each 
other. 

367. First, let us regard the central rectangle of the 
series. It is manifest that the different parts of every 
transverse section of the wave, which in this case fills our 
slit, reach the retina at the same moment. They are in 
complete accordance, for no one portion is retarded in 
reference to any other portion. The rays thus coming 
direct from the source through the slit to the retina pro- 
duce the central band of the aeries. 

388, But now let us consider those waves which divergt. 
obliqy^ly from the slit. In this case, the waves from the 
two edges of the slit have, in order to reach the retina, to 
pass over unequal distances. Let us suppose the differ- 
ence in path of the two marginal rays to be a whole wave- 
length of the red light ; how must this difference affect tha 
final illumination of the retijta ? 
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S99, Fix yow attenlson upon the particular ray or lina 
of light that passes exactly through the centre of the slit to 
the retina. The difference of path between this central 
ray and the two marginal rays is, in the case here sap* 
posed, half a wave-leMffth, The least reflection will make 
it clear that every ray on the one side of the central line 
finds a ray upon the other side, from which its path differs 
by half an undulation, with which, therefore, it is in com- 
plete discordance. Tlie consequence is that the light on 
the one side of the central line will completely abolish the 
light on the other side of that line, absolnte darkness be- 
ing the result of their mutual extinction. The first dark 
interval of our series of bands is thus accounted for. It 
is produced by an obliquity which causes the paths of the 
marginal rays to be a wfioh wave4ength different from 
eacli other, 

370, When the difference between the paths of the 
marginal rays is half a wane4enffth, a partial destruction 
of the light is effected. The luminous intensity corre- 
sponding t.0 this obliquity is a little less than one>half— 
Accurately 0.4 — of that of the undiffracted light. 

371. If the paths of the marginal rays be three semi- 
nndulations different from each other, and if the whole 
beam be divided into three eqtial parts, two of these parts 
will completely neutralize each other, the third only bring 
effective. Corresponding, therefore, t« an obliqnity which 
produces a difference of three semi-undulations in the 
marginal rays, we have a luminous band, but one of 
considerably less intensity than the undi&acted oeotr&l 
band. 

S72. With a marginal difference of path of four semi- 
Qoduladons we have a second extinction of the entire 
baBB, a space of absolute darkness corresponding to this 
«llB^ty, In this way we might proceed further, tli« 
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general result being that, whenever the obliquity is such 
as to produce a marginal difference of path of an even 
number of serai-undulations, we have complete extinction ; 
while, when the marginal difference is an odd number of 
Bemi-nndulations, we have only partial extinction, a pop- 
tion of the beam remaining as a luminous band. 

3^3. A moment's reflection will make it plain that the 
shorter the wave, the less will be the obliquity required 
to produce the necessary retardation. The maxima and 
minima of blue light must, therefore, fall nearer to the 
centre than the maxima and minima of red light. The 
maxima and minima of the other colors fall between these 
extremes. In this simple way the undulatory theory com- 
pletely accounts for the extraordinary appearance referred 
10 in Note 359. When a slit and telescope are used, in- 
stead of the slit and naked eye, the effects are magnified 
and rendered more brilliant. 

Measurement of the Waves of JAght. 

374. We are now in a condition to solve the im- 
portant problem of measuring the length of a wave of 
light. 

375. The first nf our dark bands corresponds, as at' 
ready explained, to a difference of marginal path of one 
undulation ; our second dark band to a difference of path 
of two undulations ; our third dark band to a difference 
of three undulations, and so forth. With a slit 1.35* mil- 
limetre wide, Schwerd found the angular distance of the 
first dark band from the centre of the field to be 1' 38". 
The angular distances of the other dark bands are twice, 
three times, four times, etc, this quantity, that is to say, 
they are in arithmetical progression. 

370. Draw a diagram of the slit b c with the beam 

* The miUimetre ia about ^ of an inch. 
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paBsing through it at the obliquity corresponding to tha 
first dark band. Let fall a, perpendicular from one edge, 
E, of the slit on the marginal ray of the other edge at d. 
The distance, c d, between the foot of this perpendicalar 
and the other edge is the length of the wave of light 
From the centre E, with the width e c as radius, suppose 
t semicircle to be described ; its radius being 1.35, the 
length of this semicircle is readily found to be 4.248 mlllU 
metres. Now, the length of this semicircle is to the length 
cdoi the wave as 180° to 1'38', or as 648,000' to 98' 
Thus we have the proportion — 

648,000 : 98 :: 4,248 to the wave-length cd.* 

Making the calculation, we find the wave-length for this 
particular kind of light (red), to be 0.000643 of a milli- 
metre, or 0.000028 of an inch. 

377. Instead of receiving them directly upon the retina, 
the colored fringes may be received upon a screen. In this 
case it is desirable to employ a lens of considerable con- 
vergent power to bring the beam from the first slit to a 
focus, and to place the second slit or other difii'acting edge 
or edges between the focus and the screen. The light in 
this case virtually emanates from the focus. 

378, If the edge of a knife bo placed in the beam paral- 
lel to the sHt, the shadow of the edge upon the screen will 
be hounded by a series of parallel colored fringes. If the 
light be monocliromatic the bands will be simply bright 
and dark. The back of the knife produces the same effect 
as its edge, A wooden or an ivory paper-knife produces 
precisely the same effect as a steel knife. The fringes are 
absolutely independent of the character of the substance 
round the edge of which the light is diffi'acted, 

*C(f ia so minute that it prautiuiUj cainaidea with the circle drawD 
noond K. 
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379. A thick wire placed in the beam lias colored 
fi-iiiges on each side of its shadow. If tlie wire be fine, or 
if a human hair be employed, the geometric shadow itself 
will be found occupied by parallel stripes. The former are 
called the exterior frinijM, the latter the interior fringeg. 
In the hands of Young and Freanel all these phenomena 
received their explanation as effects of interference. 

380. A slit consists of two edges facing each other. 
When a slit is placed in the beam between the focus and 
the screen, the space between the edges is occupied by 
etripes of color. 

381. Looking at a distant point of light through a small 
circular aperture the point is seen encircled hy a series of 
coloredbands, Ifraonochromaticlightheusedthcsebanda 
are simply bright and dark, but with white light the circles 
display iris-colors. 

382. These results are capable of endless variation by 
varying the size, shape, and number of the apertures 
through which the point of light is observed. The street 
lamps at night, looked at through the meshes of a hand- 
kercbief^ show diffraction phenomena. The diffraction 
effects obtained by Schwerd in looking through a bird's 
feathers are very gorgeous. The iridescence of Alpine 
clouds is also an effect of diffraction,* 

■ TbU may be imiuted by the sporea of Lycopadiutn. Tlie diffrao- 
tioa pbeaomcDS uf " aetinit cloudg " are exceeding); gplei^did. One ol 
the must interuating cases of difrractlon by amM. purticles that evep cams 
b«fore me waa tint of an artifit whoac visioQ was disturbed by viridly- 
colored eirclea. When he eaine to me be w»s in great dread of losing 
bis Bight ; SHiiigDiiig as a cause of bis incre&fted fear that the circles were 
becomiag largi^r and the colors more vivid. I ascribed the colors to 
minute particles in the humors of the eye, and encoura};ed him by the 
■asuraace thnt the increase of size and vividness iadioated that the dif. 
fraeting partioles were becoming tmaltnr, and that they might fsnnlly be 
^ti^etlier abaurbad. The prediction was veriSed. It is needless to aaj 
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which has undergone more than one reflection at the second 
surface to tlie light which haa undergone only one retlec- 
lion, the heam reflected from the flrst surface may be 
lotalli/ destroyed. Where this total destruction of light 
(Nxurs the fllm appears black. 

38S. If the film be of variable thickness, its various 
parts will appear bright or dark, according as the thick- 
ness favors the accordance or discordance of the reflected 
rayg. 

389. Because of the different lengths of the waves of 
light, the diflTerent colors of the spectrum require different 
thicknesses to produce accordance and discordance ; the 
longer the waves, the greater must be the thickness of the 
film. Hence those thicknesses which effect the extinction 
of one color will not effect the extinction of another. 
When, therefore, a fllm of variable thickness is illuminated 
by white light, it displays a variety of colors, 

390, These colors are called the colors of thin plates. 
381. The colors of the soap-bubhle; of oil or tar upon 

water ; of tempered steel ; the brilliant colors of lead skim- 
mings ; Xobili'a metallo-chrome ; the flashing colors of 
certain insects' wings, are all colors of thin plates. The 
colors are produced by transparent films of all kinds. In 
the bodies of crystals we often see iridescent colors due to 
vacuous films produced by internal fracture. In cutting 
the dark ice under the moraines of glaciers internal fracj- 
ture often occurs, and the colors of thin plates flash forth 
from the body of the ice with extraordinary brilliancy. 

392. Newton placed a lens of small curvature in optical 
contact with a plane surface of glass. Between the lens 
and the surface he had a fiin^ of air, which gradually aug- 
mented in thickness from the point of contact outward. 
He thus obtained in monochromatic light a series of 
bright and dark rings ^ corresponding to the different thiclt 
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neBses of the film of air, which produced alternate aecord- 
ance and diBcordaace. 

393. The rings produced by violet he found to Le 
emalter than those produced by red, while the rings pro- 
duced by the other colors fell between these extremes. 
Hence when white light is employed, " Newton's Rings " 
appear as a succession of circular bands of color. A far 
greater number of the rings is visible in monochromatio 
than in white light, because the differently-colored rings, 
after a certain thickness of film has been attained, become 
superposed and reblended to form white light. 

a94. Newton, considering the means at his disposal, 
measured the diameters of his rings with marvellous 
accuracy ; he also determined from its focal length and its 
refractive index the diameter of the sphere of which hie 
lens formed a part. He found the squares of the diameters 
of his rings to be in arithmetical progression, and conse- 
quently that the thicknesses of the fllm of air correspond- 
ing to the diameters of the rings were also in arithmetical 
progression. 

395. He determined the absolute thicknesses of the 
plates of air at which the rings were formed. Employing 
the most lumiuous rays of the spectrum, that is, the rays at 
the common boundary of the yellow and orange, he found 
the thickness corresponding to the first bright ring to b" 
TtAts of an inch. 

396. The entire series of bright rings were formed at 
the following successive thicknesses : 

iiioini 1 T h (RT) it indi itsVooj ^^^-^ 
and the series of dark rings, separating the bright ones, at 
the thicknesses 

397. To account for the rings, Newton assumed that 
the light particles were endowed with jits ofecay transmis- 
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iton and of easy reflection. He probably figured those 
particles as endowed at the same time with a motion of 
translation throuf^h space, and a motion of rotation round 
their own axes. If we suppose Buch particles to resemble 
little magnets which present alternately attractive and 
repulsive poles to the surface which they approach, we 
have a conception in conformity with the notion of New 
ton. 

398. According to this conception ordinary reflection 
and refraction would depend upon the presentation of the 
repnlsive or the attractive poles of the particles to the 
reflecting or refracting surface. 

399. Figure then the rotating light particles entering 
the film of air between Newton's lens and plate. K the 
distance between both be such as to enable the light 
particle to perform a complete rotation^ it will present at 
the second surface of the film of air the same pole that it 
presented at the first. It will therefore be transmitted^ 
and will not return to the eye. 

400. This efl'ect would also take place if the distance 
between the plate and lens were snch as to enable the light 
particle to perform two, three, four, etc., complete rota- 
tions. The dark rings of Newton were thus accounted for. 
They occurred at places where the light particles, instead 
of being sent back to the eye from the second surface of 
the film, were transmitted through that surface. 

401. But if the thickness of the film be such as to allow 
the light particle which has entered the first surface to 
perform only haif a rotation before it arrives at the second 
surface ; then a repulsive pole will be presented to the 
latter, and the particle will be driven back to the eye. 
The same will occur if the distance be such aa to enable 
the light particle to perform three, or five, or Bc\-cn, etc., 
Bemi-rotations, Tfie bright rings of Newton were tkiu 
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accounted for / they occurred at places where the light 
particles on reaching the second surface of the film were 
reflected back to the eye. 

402. The theory of emission is here at direct issue witli 
the theory of uadulation. liewton assumes that the action 
which produces the alternate bright and dark nags takes 
place at a single surface ; i. e., the second surface of the 
film. The undulatoi-y theory affirms that the rings are 
caused by the interference of rays reflected from both 
surfaces. This has been proved to be the case. By 
employing polarized light (to be aubBequcEtly described 
and explained) we can destroy the reflection at the first 
surface of the film, and when this is done the rings Tanish 
altogether. 

403. The beauty and subtlety of Newton's conception 
are, however, manifest ; and the theory was apparently 
supported by the fact that rings of feeble intensity are 
actually formed by transmitted light, and that the bright 
rings by transmitted light correspond to thicknesses which 
produce dark rings in reflected light. 

404. The transmitted rings are referred by the tin- 
dulatory theory to the interference of rays which have 
passed directly through the film, with others which have 
undergone two reflections within the film. They are thus 
completely accounted for, 

Note 396, as that corresponding to the first bright ring, is 
one-fourth of the length of an undulation of the light em- 
ployed by Newton. Hence, in passing to and fro through 
the film, the rays reflected at the second surface are half 
an undulation behind those reflected at the first surface. 
At this thickness, therefore, the ring ought, according to 
the principles of interference, to be dark instead of bright^ 
same remarks apply to the thickDesi^eB i i iif^ . 
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n ^nnr> » fonner conesponds to a retardatiott of 
three, and the latter to a retardation of five Bemi-undula* 
tiona. With regard to the dark rings, the first of them 
occars at a thickneBa the double of which is the length of 
a whole nndolation ; the second of them occurs at a thick- 
ness which, when doubled, is equal to two wave-lengths ; 
the third at a thickness the double of which is three wave- 
lengths. Hence, if we take tfie thickness of the JUm, alotie 
into account, the bright rings ought to be dark, and the 
dark rings bright. 

But something besides tliickneas is to be considered 
here. In the case of the first surface of the film the wave 
passes from the dense ether of the glass into the rare ether 
of the air. In the case of the second surface of the film 
the wave passes from the rare ether of the air into the 
dense ether of the glass. This difierenoe at the two re- 
flecting surfaces of the film can be proved to be equivalent 
to the addition of half a icaoe-lenffth to the thickness of 
the film. To the absolute thloknesB, therefore, as meas- 
ured by Newton, half a wave-length is in each case to be 
added ; when this is done the rings follow each other in 
exact accordance with the law of interference enunciated 
in Notes 348 to 350. 

Double Refraction. 

405. In air, water, and well-annealed glass, the luminif- 
erouH ether has the same elasticity in all directions. There 
is nothing in the molecular grouping of these suhatancea 
to interfere with the perfect homogeneity of the ether. 

406, But when water crystallizes to ice, the case is 
different; here the molecules are constrained by their 
proper forces to arrange themselves in a certain determi- 
nate manner. They are, for example, closer together in 
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some directions than in othen, Thh arrangement of the 
molecules carries along with it an arrangemeot of the siir< 
rounding ether, which causes it to possow differejU decrees 
of elasticity in different diredions. 

407. In a plate of ice, for example, the elasticity of tha 
ether in a direction perpendicular to the surface of freezing 
IB different from its elasticity in a direction parallel to the 
eame surface. 

408. This difference is displayed in a peculiarly strik- 
ing manner hy Iceland spar, which is crystallized car- 
bonate of lime; and in consequence of the existence of 
these two ditferent elasticities, a wave of light pausing 
through the spar is divided into two / the one rapid, cor- 
responding to the greater elasticity, and the other slow, 
corresponding to the lesser elasticity. 

409. Where the velocity is greatest, the refraction is 
least ; and where the velocity ia least the refraction is 
greatest. Hence in Iceland spar, as we have two waves 
moving with different velocities, we hare double rtfrao' 
Hon. 

410. This is also true of the greater numher of crys- 
talline bodies. If the grouping of the molecules be not 
in all directions alike, the ether will not he in all direc- 
tions equally elastic, and double refraction will infallibly 
result. 

411. In rock-salt, alum, and other crystals, this homo- 
geneous grouping of the molecules actually occurs, and 
such crystals behave like glass, water, or air. 

412. In certain doubly refracting crystals the molecules 
are arranged in the same manner on all sides of a certain 
direction. For example, in the case of ice the molecular 
arrangement is the same all round the perpendiculars to 
ihe surface of freezing. 

413. In like maimer, in Iceland spar the molecules are 
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arranged Bytnmetrically round the crystallographic nxia, 
that is, round the sbortest diagonal of the rbomb into 
which the crystal may be cloven,* 

414. When a beam of light passes through ice per- 
pendicular to the surface of freezing, or through Iceland 
spar parallel to the crystallographic axis, there is no 
dottle refraction. These cases are repreeentative ; that 
is to say, thepe is no double refraction in the direction 
round which the molecular arrangement is in all directions 
the same. 

415. This direction of no double refraction is called the 
optic axis of the crystal. 

Note. — The vibrations of the ether being transverse 
to the direction of the ray, the elasticity which determines 
the rapidity of transmission is that at right angles to the 
ray's direction. In Iceland spar the velocity is sloweBt 
m the direction of the axis ; hence the elasticity at right 
angles to the axis is a minimum. The ray, on the otlier 
hand, whose vibrations are executed along the axis is the 
most rapid ; hence the elasticity of the ether along the 
axis is a maximum. In perfectly homogeneous bodies 
the surface of elasticity would be spherical ; it would be 
measured by the same length of radius in all directions. 
In the case of Iceland spar the surface of elasticity is an 
ellipsoid whose longer axis coincides with the axis of the 
crystaL 

* The arrangement of the molecalea is ench, that Iceland spar may 
be cloven with great and equal facility in three different directions. The 
jifnms of cleavage are faere oblique to each other. Rock'Salt also ctearea 
ToatUly and equal] j in three direetiona, the planes of cleavage being at 
right angles to each other. Hence, irhile rock-salt cleaves into ctAa, 
loelnnd spar cleaves ioto rlwmhi, Manj crystals cleave vith different 
facilities in different directions. Selenite and crystalhzed sngar (sugar- 
Candy} Br« examples. 
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fhttiomma presented by Iceland Spar. 

410. The; two beams into which the incident beam ia 
divl<l(4<l tjy the f jiiir <ly not behave alike. One of them 
olwyN l.ho onliiitiry hiw of refraction ; its index of refrac- 
tion it jwrft'ctly eoiiHtaiit and independent of its direction 
through th<i cryntiil. The angles of incidence and refrac- 
tion uro in thu Hiitnu plane, as in the case of ordinary re- 
friuition. The ray which behaves thus is called the ordi- 
nary my. In itn tiase the sine of the angle of incidence 
Is to tliii Him* t»f the uiiglo of r<?fraotion, or the velocity of 
light in uir in to its velocity in the crystal, in the constant 
mtlo of l.0fi4 to 1. The numlier 1.654 is the ordinary 
tndm of loclitiid spar. 

417. Hut the other bt^am acts differently. Its index 
of rt'lViuition is tiot wustiint, nor is the angle of refraction 
as a gt^iu<nil ruU^ in the same plane as the angle of inci- 
iU'tHH'. 'V\w rny which In'havt-s thus is called the extravr- 
ttiHftrjf ray. It' a |>risiu be formed of the spar with ita 
r«ftr«ctiB{t angle parallel to the optic axis, when the 
laoMtltt tH<atu tr,ivk>r!tt^t! the prisiu at right angles to the 
9pttt aorta, ttiv ttopitrHtitiu of itet two parts is a maximum. 
Hvfv thus ftill dttlvreiK'o of ulastidty between the axial 
dirwtiott and thttt perpendicular to it comes into play, 
uui the vxtraonlittary tVf safiere its miiiinmm retarda- 
tion, and thervforv ita mmmttm re&actioo. Its ivfractiva 
1^ bkkx t» then l.4ii3. 

B 418. Tlie Ukdex of retriK-tioQ of the extraordinary ray 

■ yvnam with ite AumImmi tkto^^ tbe erystal from 1.483 to 

■ IMA. The min&Him voAm of the ntio of the two sinea, 
I «r of the two velovitii'tt, via, 1.4$^, i» called tha «jitr<t(jrdi- 

■ mm; 

i 

^ 



Wkea a dtualt aperture through which light 
it» r^'^arvUsl through a rhomb of k-tibuid twt» 
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apertures are seen. If the rhomb be placed over a black 
dot on a sheet of white paper, two dots will be seeu ; and 
if the spar be turned, one of the images of the aperture or 
of the dot will rotate round the other, 

420. The rotating image is that formed by the ex- 
traordinary ray, 

421. One of the two images of the dot is also nearer 
than the other. The ordinary ray behaves as if it came 
from a more highly refractive mediam, and the greater 
the refraction the nearer must the image appear. The ap- 
parent shallowness of water is referred to in Notes 131 
and 132. With bisulphide of carbon the BhallowneBS 
would be more pronounced, because the refraction is 
greater. In Iceland spar the ordinary index bears nearly 
the same relation to the extraordinary as the index of 
bisulphide of earbon to that of water; hence the ordi- 
nary image must appear nearer than the extraordinary 
one. 

422. Brewster showed that a great number of crystals 
possessed two optic axes, or two directions on which a 
beam passes ttirough the crystal without division. Cry&. 
tallized sugar, mica, heavy spar, sulphate of lime, and topaz, 
are examples. 

423. Thus crystals divide themselves into — 

L Single refracting crystah^ such as rock-salt, alum, 
and fluor-spar ; and 

IL Double refracting cry stab, of which we have two 
Unds, vi2. : 

a, Uhiaxal crgstahf or those with a single optic axis, 
inch as Iceland spar, rock-crystal, and tourmaline ; and — ■ 

b. Jliaxal crystals, or those which possess two optio 
axes, such as arragonite, felspar, and those mentioned m 
422. 
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434. When on a, plate of loeland spar cut pOTpen* 
dicular to the axis, a beam of light falls obliquely, the 
ordinary ray being the more refracted is nearer to the 
axis than the extraordinary. The extraordinary ray is as 
it were repelled by the axis. But Biot showed tliat there 
•re many crystals in which the reverse occurs, in which, that 
is to say, the extraordinary ray is nearer to the axis than 
the ordinary, being as it were attrncted. The former class 
he called repulsive or negative crystals ; Iceland spar, ruby, 
eapphir«, emerald, beryl, and tourmaline, being examplcB. 
The latter class he called attractive or positive crystals, 
rock-crystal, ice, zircon, being examples. 



I 



Ths J^olarization of lAgM. 

425. The double refraction of Iceland spar was dis- 
covered by Erasmus Bartholinus, and was first described 
by him in a work published in Copenhagen in 1669, The 
celebrated Huyghens sought to account for the phenome- 
non on the principles of a wave theory, and he succeeded 
in doing so. 

426. In his experiments on this subject, Huyghens 
found that when a com.mon luminous beam passes through 
Iceland spar in any direction save one (that of the optic 
axis), it is always divided into two be^ms of equal intensi- 
ttf ; but that when either of these two half-beams is sent 
through a second piece of spar, it is Qsnally divided into 
two of unequal intensity ; and that there are two posi- 
tions of the spar in which one of the beams Tanishes alto- 
gether. 

427. On turning the spar round this position of absolute 
disappearance, the missing beam appeared ; its companion 
St the same time becoming dimmer ; both of them then 
passed through a phase of equal intensity, and when the 
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•rotation was continued, the beam -which was first trans- 
mitted disappeared. 

428. Reflecting ori thia experiment Newton came to 
tlie cotielusion that the divided beam had acquired sides 
by ita passage through the Iceland spar, and that its inter* 
ception and transmission depended on the way on which 
those sides presented themselves to the molecules of the 
eecond crystal. He compared thia two-sidedfuiss of a beam 
of light to the two-ciuledness of a magnet known as ita 
polarity ; and a luminous beam exhibiting this two^ided- 
nesB waa afterward said to be polarized. 

429. In 1808, Mains, while looking through a bire- 
fracting prism at one of the windows of the Luxembourg 
Palace, from which the solar light was reflected, found 
that in a certain position of the spar, the ordinary imago 
of the window almost wholly disappeared ; while, in a 
position perpendicular to this, the extraordinary image 
disappeared. He discerned the analogy between this 
action and that discovered by Huyghensin Iceland spar, 
and came to the coucluaion that the effect was due to 
some new property impressed upon the light by its reflec- 
tion from the glass. 

430. What is this property ? It may be most simply 
studied and understood by means of the crystal called 
tourmaline. This crystal is birefractive ; it divides a 
beam of light incident upon it into two, but its molecular 
grouping, and the consequent disposition of the ether 
within it, are such that one of these beams is rapidly 
quenched, while the other is transmitted with comparative 
freedom. 

431. It is to be borne in mind that the motions of the 
individual ether particles are transverse to the direction in 
wtiich the light is propagated (read Note SIS), Jn a 
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Amkw »/ Ofdtnarff UffAt the 9ibratum* ocfor im Aw 

iUtfiM fruftd tfut Kne <»f frrtfpagalifm. 

Wi, 'tSi*' Niiflitrc'l \if light in pwroig tkro^ii 

# (if UrurniuliiK.', of Muflicient thiekiMM,aBd cot panl- 
M |/> ittiii U tliii : All vibrations save tboee execoted 
piitfiiitel in tfm aifU iiR! (|ui-iiched withiD the cryataL Hence 
Mih l^uHKi i<riierf(i<nl. fn^tu the plate of totirm&Iine has all its 
ClhtHUuim ri'diu'iiil to ii oitigle pluoe. In this condition it 

4lttt, Iiimulmi u cyliiidrinal Warn of light with all iu 
v\Uhr |iiiHirltiM vlliritliiiji; in the same direction — say Aof>- 
IttiiituHj/ IiiijLmiI iluwrt iiitoir vertically, the ether particles, 
it Ui'tjii tiiMiiitc''> w(tiil<l \w Hueii pcrformiug their excursions 

4ti<l fill (tri'iiHM thii (lin'i^tioii of the beam. Looked at 
fi|'lMk^f i»i> liiii'luoiititlly, the pitrtioles wonld be seen ad- 
VKtttiiiiit Kttil rt4ri>taiu^, hut thtiir paths would be invisible, 
ttvtit'y til liur |iMi'liolt« iwvcrihg its own path. In the one 
(iHHK oluiiilil Hito the tintt* of t'xcursion ; in the other case, 
lAn \*t (hti liiiuM only. In this, according to the 

MMttlUuliiiy ihrniry, isMiMtMlti the two-aidednesa discovered 
|iy Hityalit>i(», mul wminu'iittHl on by Newton. 

-n (if Xii^ht by BfflecHon. 

'I'ho (|iiiUU) y>i two-«idednesa is also impressed 
WWi\ Hm'*^ ''y >'wrt*>o(ii«>. This is the great discovery of 
IIhIhok a U>HW i"*JSwt*>d ft\>m glass is in part polarized 
' ' ■' ' ■ c: i ltincv»y » |K>rtiou of its vibrations being 
I I . i ' 1 ■ < I wix ^>Ukue. At one particular iacidence 
U JwlariWi ^ «V its vibrations being 

I ( < 1 I u> auMut^ })laii«, *rW angle of incidence which 
MiU W ihM (.kt;-t'te<'t pobiriziitiou is called the /tofiB^ 

1 1 ' ('uliirLiiing angle U couuected with, the iodia 
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ot refraotion of the mediuta by a very beautiful law die* 
covered by Sir David Brewster.* When a lundnous beam 
is incident upon a transparent substance, it is in part 
reflected and in part refracted. At one particular inci- 
dence the reflected and refracted portions of the beam are 
at right angles to each other. The angle of incidence it) 
then the polarizing angle. This is the geometrical expres- 
siou of the law of Brewster, 

436. The polarizing angle augments with the refractive 
index of the medium. For water it is 53", for glasg 58°, 
and for diamond 68°. 

437. Thus a beam of ordinary light, whose vibrations 
are executed in all directions, impinging upon a plate of 
glass at the polarizing angle, has, after reflection, all its 
vibrations reduced to a common plane. The direction of 
the vibrations of the polarized beam ia parallel to the polar' 
izing surface. 

438. Let a beam thus polarized by reflection at the 
Burface of one plate of glass impinge upon a second plate 
at the polarizing angle. In one position of this plate the 
beam Bufiers its maximum reflection. In a certain other 
position the beam is wholly transmitted, there is no reflec- 
tion. In this experiment the angle of incidence remains 
nncbanged, nothing being altered save th6 aide of the ray 
which strikes the reflecting surface. 

439. The reflection of the polarized beam is a maxi- 
mum when the lines along which the ether particles vibrate 
are parallel to the reflecting surface. It is wholly trans- 
mitted when the lines of vibration strike the reflecting 
BnrfacG at the polarizing angle. The reflection is then 
gero. By taking advantage of this fact, the reflection 
from the first surface of a thin flbu has been abolished, 

• The indei of refrBcliou of the raedlum is the tangent of tbe polafc 
Bing angle. 
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Newton's ringa being thereby rendered incapable of for- 
mation, as stated in Note 402. 

440. A beam which meets the first surface of a plate 
of glass with parallel sides at the polarizing angle meeta 
tlie second surface also at its polarizing angle, and is in 
part reflected there perfectly polarized. Hence, by aug< 
menting the number of plates, the repeated reflections at 
their limiting surfaces furuish a polarized beam of greater 
intensity than that obtained by reflection at a single 
Buriace. 

Polarization of Light by Refraction. 

441. We have hitherto directed our attention to the 
reflected portion of the beam ; but the refracted portion, 
which enters the glass, is also partially polarized. The 
quantities of polarized light in the reflected and refracted 
beams are always equal to each other. 

44a. The plane of vibration in the refracted beam is at 
right angles to that in the reflected beam. 

443. When several plates of glass are placed parallel 
to each other, and a beam is permitted to fall upon them 
at the polarizing angle, at every passage from plate to 
plate a portion of the light is reflected polarized, an equal 
portion of polarized light entering the glass at the same 
time. By duly augmenting the number of plates, the 
polarization by the successive refractions may be ren- 
dered sensibly perfect. When this occurs, if any further 
plates be added to the bundle, reflection entirely cemes at 
their limiting surfaces, the beam afterward being wholly 
transmitted, 

I'olarization of Light hy Double Refraction. 

444. In the case last considered the light was polarized 
hy ordinary refraction. The polarization of light by double 
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refraction has been alresidy touched upon in Notes 432 
and 433, We shall now extend our examination of the 
crystal of tourmaliue there referred to, and turn it to ao 
oouQt in the examination of other crystals. 

445. If a beam of light which has passed through one 
plate of tourmaline impinge upon a second plate, it will 
pass through both, if tlie axes of the two plates he parallel. 
But if they are perpendieular to each other, then the light 
transmitted by the one is queuohed by the other, dark- 
ness marking the space where the two plates are super- 
posed. 

446. If the two axes be oblique to each other, a portion 
of the light will pass through both plates. For, in a 
manner similar to the resolution of forces in ordinary me- 
chanics, an oblique vibration may be resolved into two, 
one parallel to the axis of the tourmaline, the other per> 
pendicular to the axis. The latter component is quencheii, 
but the former is trammitted. 

447. Hence if the axes of two plates of tourmaline be 
perpendicular to each other, a third plate of tourmaline 
introduced obliqiteli/ between them, or a plate of any other 
cryiital which acts in a manner simitar to the tourmaline, 
will transmit a portion of the light emergent from the 
first crystal. The plane of vibration of this light being 
oblique to the axis of the second crystal, a portion of the 
light will also pass through the latter. By the intro- 
duction, therefore, of a third crystal, with its axis oblique, 
we abolish in part the darkness of the apace where tbe two 
rectangular plates are superposed, 

Bhcamination of Idght transmitted through Iceland Spar, 

448. We have now to examine, by means of a plate 
of tourmaline, the two parts into which a luminous beam 
Is divided in its passage through Iceland spar. 

8 
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449, Confining our attention to one of the two beams, 
it is immediately found that in a certain position of the 
plate the light is freely transmitted, while in the per- 
pendicular poaition it is completely stopped. This proves 
the beam emergeut from the spar to be polarized. 

450, From the position of the tourmaline we can im- 
mediately infer the direction of vibration in the polarized 
beam. If transmission occur when the axis of the platfl 
of tourmaline is vertical, the vibrations are vertical ; if 
transmission occur when the tourmaline is horizontal, the 
vibrations are horizontal. The same mode of investiga- 
tion teaches us that the second beam emergent from the 
spar is also polarized. 

451, The vibrations of the ether particles in the twc 
beams are executed in planes which are at right angles to 
each other. If the vibrations in the one beam be vertical, 
in the other they are horizontal. A plate of tourmaline 
with its axis vertical transmits the former and quenches 
the latter; whQe the same plate held horizontally, quenches 
the former and transmits the latter, 

452, A tourmaline plate placed with its axis vertical, 
in front of the electric lamp, has its image cast by a lens 
upon a screen. A piece of Iceland spar, with one of ita 
planes of vibration horizontal and the other vertical, 
placed in front of the lens divides the beam into two, and 
yields two images of the tourmaline. One of these images 
is bright, the other is dark. The reason is, that in the 
light emergent from the tourmaline the vibrations are 
vertical, and they can only be transmitted through the 
spar in company with its vertically vibrating beam. In 
the horizontally vibrating beam the tourmaline must ap- 
pear black, 

453, It is also black if the light emergent from it, and 
snrrounding it, meet, at the polarizing angle, a plate of 
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glass whose plane of reflection is vertieal/ while it it 
bright when the light is reflected karizontaUy. TIiobb 
eSects are consequences of the law of polarization by re- 
flection. 

454. Not only do crystallized bodies possess thit 
power of double refraction and polarization; but all bodies 
whose atomic grouping is such as to cause the ether with- 
in them to possess diSerent elastic it it; b in different diretv- 
tions do the same. 

455. Thus organic structures »rB UHually double re- 
fracting. A double refracting structure may also be con- 
ferred on ordinary glass by either strain or pressura 
Strains and pressures due to unequal heating also produce 
double refraction. TJnanneated glass behaves like a crys- 
tal, A plate of common window-glass, which under ordi- 
nary circumstances shows no trace of doable refraction, if 
heated at a single point, is rendered doubly refractive by 
the strains and pressures propagated round the heated 
point. The introduction of any of these bodies between 
the crossed plates of tourmaline partly abolishes the dark- 
ness caused by the superposition of the plates. 

456. Two plates of tourmaline, between which bodies 
may be introduced and examined by polarized light, con- 
Btitute a simple form of the polariscope. The plate at 
which the light first enters is called the polarizer, while 
the second plate is called the analyzer. 

457. But the tourmalines are small, usually colored, 
and under no circumstances competent to furnish an in- 
tense beam of polarized light. If one of the parts into 
which a prism of Iceland spar divides a beam of light 
could be abolished, the remaining beam would be polar- 
ized, and, because of the transparency of the spar, it 
woidd be far more intense tfaan any beam obtainable from 
tourmaline. 
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458. This has been accompliahed with great skill by 
Nicol. He cut a long parallelopipcil of spar into two by 
a very oblique section ; polished the two Burfaces, and 
united them by Canada balsam. The refrangibility of 
the balsam lies between those of the ordinary and the ex- 
traordinary rays in Iceland spar, being less than the 
former and greater than the latter. When, therefore, a 
beam of light is sent along the parallelopiped, the ordi- 
nary ray, to enter the balsam, must pass from a denser to 
a rarer medium. In consequence of the obliquity of its 
incidence it is totally reflected, and is thus got rid of. 
The extraordinary ray, on the contrary, in passing from 
the spar to the balsam passes from a rarer to a denser 
medium, and is therefore tmmmitted. In this way we 
obtain a single intense beam of polarized light (read Noten 
123, 141, and 142). 

459. A parallelopiped prepared in the fashion here de- 
scribed is called a IficoPs prism, 

460. Nicol'a prism a are of immense use in experiments 
on polarization. With them the best polarlscopes are 
constructed. Reflecting polariacopes are also constructed, 
consisting of two plates of glass, one of which polarizes 
the light by reflection, the other examining the light so 
polarized. The beam reflected from the polarizer is in this 
case reflected or quenched by the analyzer according as 
the planes of reflection of the two mirrors are parallel or 
at right angles to each other. 

Colors of DouiU-refracting Cryatah in Polarized Light, 

461. A large class of these colors may be illustrated 
and explained by reference to the deportment of thin 
plates of gypsum (crystallized sulphate of lime, commonly 
called selenite) between the polarizer and analyzer of the 
polariacope. 
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462. The crystal cleaves with great freedom in ons 
4irectioTi ; it cleaves with less freedom in two others ; the 
latter two cleavages are also unequal In other words, 
gypsum possesses three planes of cleavage, no two of 
which are equal in value, but one of which particularly 
signalizes itself by its perfection. 

463. By following these three cleavages it is easy to 
obtain from the crystal diamond-shaped laminee of any re- 
quired thinness. 

464. The crystal, as might be expected from the char- 
acter of its cleavages, is doable-refracting. A beam of 
ordinary light impinging at right angles on a plate of 
gypsum, whose surfaces are those of most perfect cleavage, 
has its vibrations reduced to two planes at right angles 
to each other ; that is to say, the beam whose ether, prior 
to entering the gypsum, vibrates in all transverse direc- 
tions, after it has entered the gypsum, and after its 
emergence from it, vibrates in two rectangular directioDS 
only, 

465. The elasticity of the ether is different in these 
two rectangular directions; consequently the one beam 
passes more rapidly through the gypsum than the other. 

466. In refracting bodies generally the retardation of 
the light consists in a diminution of the wave-length of 
the light. The rate of vibration is unchanged during 
the passage of the light through the refracting body. 
The ease is exactly similar to that of a musical sound 
transmitted from water into air. The velocity is reduced 
to one-fourth by the transfer, because the wave-length is 
reduced to one-fourth. But the pitch, depending as it 
does on the number of waves which reach the ear in a 
lecond, is unaltered. 

467. Because of the difference of elasticity between 
the two rectangular directions of vibration in gypsum, the 
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waves of ether in the one directiuu arc more shortenai 
than in the otlier. 

4Q8. Id the experiments with a plate of gypgam now 
to be described and explained, we shall employ aa polaiw 
izer a piece of Iceland spar, one of whose beams is In- 
tercepted by a diaphragm, A Nicol's prism shall be got 
analyzer. 

489. When the planes of vibration of the spar and 
of the Nicol coincide, the light passes through both and 
may be received upon a screen. When the planes of 
vibration are at right angles to each other, the light emer- 
gent from the spar is intercepted by the Nicol, and the 
Bcreen is dark, 

470. If a plate of selenite be placed between the 
polarizer and analyzer, with either of its planes of vibr^ 
tion coincident with that of the polarizer or analyzer, it 
produces no change upon the screen. If the screen be 
light, it remains light ; if it be dark, it remains dark suiter 
the introduction of the gypsum, which here behaves like 
a plate of ordinary glass. 

471. Let OB assume the screen to be dark. Interpol 
iag a thick plate of gypsum with its directions of vibra- 
tion oblique to that of the polarizer or analyzer, white light 
reaches the screen. If the plate be thin, the light which 
reaches the screen ia colored. If the plate be of uniform 
thickness, the color ia uniform. If of different thicknesses, 
or if m cleaving thin scales cling to the surface of the film, 
Bome portions of the plate will be differently colored from 
the rest. 

472. When thick plates are employed, the different 
colors, as in the case of thin platea, are superposed, and re- 
blended to white light. 

473. The quantity of light which reaches the eye is a 
niAximum when the planes of vibration of the gypsum 
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enclose an angle of 45° with those of the polarizer and 
analyzer. 

4^4, If the plate of aelenite be a thin wedge, and if the 
light be monochromatic, say red, alternately bright (red) 
and dark bands are thrown upon the screen, 

475. instead of red light, blue be employed, the 
bine bands are found to occur at smaller thicknesses than 
those which produced the red : other colors occur at inter- 
mediate thicknesses. Hence when white light is employed, 
instead of bands of brightness separated from each other 
by bands of darknesSj we have a series of iris-colored 
bands. 

476. If, instead of a wedge gradually augmenting in 
thickness from the edge toward the back, we employ a disk 
gradually augmenting in thicknesB from the centre out- 
ward ; instead of a series of parallel hands we obtain under 
similar circumstances, in iohite light, a series of concentric 
iris-colored circles. 

477. Here, then, we have in the first instance a beam 
of plane polarized light impinging on the selenite. The 
direction of vibration of this beam is resolved into two 
others at right angles to each other; namely, into the 
two directions in which the ether vibrates within the crys- 
tal. One of these systems of waves is r^arded yfith refer- 
ence to the other. 

478. But as long as the rays vibrate at right angles to 
each other ^ they cannot interfere so as to augment or di- 
minish the intensity. To efiect such interference the rays 
must vibrate in the tame place. 

479. The function of the analyzer is to reduce the two 
leotangular wave-systems to a single plane. Here the 
effect of retardation is at once felt, and the waves conspire 
or oppose each other according as their vibrations are in 
the same phase or in opposite phases. 
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480. When the Tibration planes of the polarizer and 
analyzer are parallel^ a thickness of the gypsum crystal 
which produces a retardat ion of half an undulation, cauues 
the light to be extinguished by the analyzer. 

481. When ihe polarizer and analyzer are crossed, a 
retardation of half an undulation, or of any odd number 
of half undulations, within the crystal does not produce 
extinction when these vibrations are compounded by the 
analyzer. A retardation of a whole undulation, or of any 
number of whole undulationB, produces in this case extinc- 
tion. This, wlien followed out, is a plain consequence of 
the composition of the vibrations. 

482. Expressed generally, the phenomena exhibited by 
the parallel and ci"oaaed jwlarizer and analyzer are com- 
plementary. If the field be dark when they are crossed, 
it is bright when they are parallel. If the field be green 
when they are crouacd, it is red when they are parallel ; 
if yellow when they are crossed, it is bine when they are 
parallel. Thus a rotation of 90° always brings out the 
complementary color. 

483. If instead of the Nicol we employ a birefracting 
prism of Iceland spar, the colors of the selenite produced 
by the two oppositely-polarized beams "will be comple- 
mentary. The overlapping of the two colors always pro- 
duces white. Any other double-refracting substance, 
whether crystallized, organized, mechanically pressed or 
strained, exhibits, on examination by polarized light, phe- 
nomena similar to those of the gypsum. 

484. A common l)eam of light is equivalent in all ita 
effects to two beams vibrating in two rectangular planes, 
As two such beams cannot interfere, we cannot have th« 
colors of the selenite iu common light. 
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Rings surrounding the Axes of Crystals in Polarized 
Light, 

486. A |>encil of rayB passing along the axis through 
Iceland spar suffers no division ; but if inclined to the axis, 
however slightly, the pencil is divided into two, which 
vibrate in rectangular planes, and one of which is moTB 
retarded than the othen 

486. If the incident light be polarized, on quitting the 
spar, oblique to the axis, it will be in a condition similar 
to the light emergent from the plates of gypanm already 
referred to. When two rectangular vibrations, passing 
through the same ether, are- reduced to the same plane by 
the analyzer, interference occurs ; the two rays either con- 
spiring or opposing each other. 

487. Whether they conspire or not depends upon the 
amount of relative retardation, and this again depends 
upon the thickness of the spar traversed by the two rays. 
If they conspire at a certain thickness they will also con- 
spire at twice that thickness, thrice that thickness, etc. 
Those thicknesses at which the rays conspire arc separated 
by others at which they oppose each other. 

488. With a conical beam who^e central ray passes 
tUong the axis, the effects are symmetrical all round the 
axis ; and when the crystal, illuniiniited by such a ray, is 
examined by monochromatic polarized liglit, we liave a 
series of bright and dark circles surrounding the axis. 

489. When the light is red the circles are larger than 
when the light is blue ; the smaller the wave-length the 
smaller are the circles. Hence, since the different oolora 
are not superposed, when white light is employed instead 
of bands of alternate brightness and darkness we have a 
series of iris-colored circles. 



120 



NOTES ON M6HT. 



When the polarizer and analyzer are crossed the sys- 
tem of bands is intereected by a black cross, whose arms 
are parallel to the planes of vibration in the polarizer and 
analyzer. Those rays, whose planes of vibration within 
the crystal coincide with the planes of either the polarizer 
or analyzer, cannot get through eitker^ and their complete 
interception forms the two arras of the cross. Those rayn 
whose planes of vibration enclose an angle of 45° with 
that of the polarizer or analyzer produce the greatest effect 
when they conspire. At this inclination the bright ring 
is at its maximum brilliancy, from which, right and left, 
it becomes more feeble, until it finally merges into the 
darkness of the cross. 

490. A rotation of 90° produces here, as in other cases, 
the complementary phenomena : the black cross becomes 
white, and the circles change their tints to complementary 
ones. 

491. In crystals possessing two optio axes a series of 
iris-colored bands surround both axes, each band forming 
a curve, which its discoverer, James Bernoulli, called a 

Umniscaia, 

MBiptic aj^d Circular Polarization, 

492. Two rays of light vibrating at right angles to 
each other, however the one system of vibrations may be 
retarded with reference to the other, cannot, as already 
stated, interfere so as to produce either an increase or a 
diminution of the light. 

493. But though the intensity remains unchanged, the 
rays act upon eacli other. If one of them differs from the 
other by any exact number of semi-undulations, the two 
rays are compounded to a single rectilinear vibration. In 
all other case^ the resultant vibration is elliptical y in one 
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particular case the ellipse in whicli the individual particles 
of ether move is converted into a circle. This occurs when 
one of the system b of waves is an exact quarter of an 
undulation behind the other ; we have then circular polar- 
ization. 

494. This compounding of ethereal vibration is me- 
ohanicalt y the same as the compounding of the vibratioua 
of an ordinary pendulum ; or ae the compounding of the 
vibrations of two rectangular tuning-forks by the method 
of Lissajous.* 

495. Elliptic polarization is the rule and not the excep- 
tion. It is particularly manifested in reflection from 
metals, and from transparent bodies which possess a high 
index of refraction. Janiin has detected it in light reflected 
from all bodies. 

Rotary I'olarization, 

4fl6. A polarized ray of monochromatic light, as al- 
ready stated, Bufiers no change during its transmission 
through Iceland spar in the direction of the optic axis. 

4S7. But if transmitted through rook^ystal (quartz) 
in the direction of the optic axis, its plane of vibration is 
turned by the crystal. Supposing the ptilarizer and ana- 
lyzer of the polariscope to be crossed so as to produce 
perfect darkness before the crystal ia intvodnced between 
them, on its introduction light will pass, and to quench 
the light the analyzer must be turned into a new position. 
The angle through which the analyzer is turned measures 
the rotation of the plane of vibration. 

498. Some specimens of rock-crystal turn the plane of 
vibration to the right, and others to the left. The former 
ire called right-handed and the latter left-kanded ety&t&Xt, 

• See Lecluret on Sound, 1st ed., p. SM. 
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Sit John Herscfael conneet«d this optical difference witb s 
visble difference of crystalline forrn. 

499. In the celebrated esperimeot of Farad»j, with a 
bv of beavy^ gls^, the plane of yibration was caosed to 
Ftjtate both by a magnet and an electric carrent ; the 
direction of rotation bearing a constant relation to the 
polarity of the mai^iet and to the direction of the current. 

500. The snbject of rotary polarization was examined 
with great care and completeness by Biot, and he estab- 
lished certain laws regarding it, two of which may be 
ennociated here : 

1. The amount of the rotation iB proportional to tbe 
thickness of the plate of rock-crystaL 

2. The rotation of the plane of vibration is diSerent 
for the different rays of the spectmrnj increasing with the 
refrangibility of the light. 

Thns with a plate of rock<crystaI one millimetre thick, 
he obtained the following rotations for the mean rays of 
the respective colors of the spectrum : 



Red, 19", 
Orange, 21' 
Tellow, 23° 



Green, 28° 
Blue, 32°. 



Indigo, 36" 
Violet, 41°. 



Witb a plate tteo millimetres in thickness the rotation for 
red is 38° and for violet 82". 

501. Since, then, the rays of different colors emei^ 
from the rock-crystal vibrating in different planes, when 
such light falls upon the analyzer that color only whose 
plane of vibration coincides with that of the analyzer will 
be transmitted. By turning the analyzer we allow the 
other colors to pass in succession. 

502. The phenomena of rotary polarization are pro- 
duced by the interference of two cireidaritf-polartzed pen- 
cils of light, which are propagated along the axis with 
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aiiequal velocities, the one revolving from left to rights 
an«l the other revolving in the opposite direction,* 

CoircLrsiON. 

I have endeavored in these lentnreB to bring before 
you the views at present entertained by all eminent scien- 
tific thinkers regarding the nature of light, I have en- 
deavored to make as clear to you as possible that bold 
theory according to which space is filled with an elastic 
Bubstance capable of transmitting the motions of light and 
heat. And consider how impossible it is to escape from 
this or some similar theory— to avoid ascribing to light, 
in space, a material basis. Solar light and heat require 
about eight minutes to travel from the sun to the earth. 
During this time the light and heat are detached from 
both. Enclose, in idea, a portion of the intervening space 
— say a cubic mile of it — occupied for a moment by light 
and heat. Ask yourselves what they are. The first in- 
quiry toward a solution is. What can t/ieif do f We only 
know things by their effects. What, then, are the effects 
which this cubic mile of light and heat can produce f At 
the earth, where we can operate upon them, we find tbem 
capable of producing motion. We can lift weights with 
them ; we can turn wheels with them ; we can urge locomo- 
tives with them ; we can fire projectiles with them. What 
other conclusion can you come to than that the light and 
heat which thus produce motion are themselves motions ? \ 
One cubic mile of space, then, ia for a measurable time 
the vehicle of motion. But is it in the human mind to 
imagine motion without at the same time imagining sonie- 

* See Lloyd, Warn Theory, p. 199, etc. 

f Sir William Thamaan has altempted to c&lcutate " Ihe mech&nicil 
Ttlue of a cubic mile uf sunligbt." 
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thing moved ? Certainly not. The very conception of 
motion neceBsarily includos that of a moving body. What, 
then, is the thing moved in the case of our cubic mile of 
■nnlight ¥ The undulatory theory replies that it is a sob- 
Btancc of determinate mechanical properties, a body which 
may or may not be a form of ordinary matter, but to 
which, whether it is or not, we give the name of ether. 
Let us tolerate no vagueness here ; for the greatest dis- 
service that could be done to science — the surest way to 
give error a long lease of life — is to enshroud scientifio 
theories in vagueness. The motion of the ether com- 
municated to material substances tlirows them into mo- 
tion. It is, therefore, itself a material substance^ for we 
have no knowledge that in nature any thing but a material 
substance can throw other matenal substances into mo- 
tion. Two modes of motion are possible to the ether. 
Either it is shot through space as a projectile^ or it is the 
Tehicle of wave-motion. The projectile theory, though 
enunciated by Newton, and supported by such men as 
Laplace, Biot, Brewster, and Mains, has hopelessly broken 
down. Wave-motion, then, of one kind or another, we 
must fall hack upon. But how does the Wave Tlieory 
account for the phenomena? Throughout the greater 
part of these lectures we have been answering this ques- 
tion. The cases brought before yoii are representative. 
Thousands of facts might he cited in illustration of each 
of them, and not one of these facts is left unexplained by 
the undulatory theory. It accounts for all the phenomena 
of reflection ; for all the phenomena of refraction^ single 
and double ; for all the phenomena of dispersion ; for all 
the phenomena of diffraction ; for tlie colors of thick platea 
and thin, aa well as for the colors of all natural bodies. It 
ACOOuntB for all the phenomena of polarization ; for all 
^ose wonderful affections, those chromatic splendors ex 
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hibited by crystala in polarized light. Thonaands of iso 
lated facts might, aa I have said, he ranged under each 
of these heads ; the imdulatory theory acconnta for them 
all. It traces out illuminated paths through what would 
otherwise be the moat hopeless jungle of phenomena in 
which hutnan thought could be involved. This is why 
the foremost men of the age accept the ether not as a 
vague dream, but as a real entity — a substance endowed 
with inertia, and capable, io accordance with the eatab- 
lished laws of motion, of imparting its thrill to other aub- 
stances. If there is one conception more fiimly fixed in 
modem scientific thought than another, it is that heat is 
a mode of motion. Ask yourselves how the vaat amount 
of mechanical energy actually transmitted in the form 
of beat reaches the earth from the aun. Matter must be 
its vehicle, and the matter is aeoprding to theory the 
Itiminiferous ether. 

Thomas Young never saw with his eyes the waves of 
sound" but he had the force of imagination to picture 
them and the intellect to investigate them. And he rose 
from the investigation of the unseen waves of air to that 
of the anseen waves of ether ; his belief in the one being 
little, if at all, inferior to his belief in the other. One ex- 
presaion of his will illustrate the perfect definiteneas of 
his ideas. To account for the aberration of light he 
thought it necessary to assume that the ether which en- 
compasses the earth does not partake of the motion of our 
planet through space. His words are : " The ether passes 
through the solid mass of the earth as the wind passes 
through a grove of trees." This bold assumption has 
been shown to be unnecessary by Prof. Stokes, who proves 
that, by aserihiag to the ether properties analogous to 
those of an elastic solid, aberration would be accounted 
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for, without supposing the earth to be thuB permeable. 
StokeB believea in the ether as fimily as Toung did. 



I may add, that one of the most refined experimenters 
in France, M. Fizeau, who is also a a member of the Insti- 
tute, undertook to determine, some years ago, whether a 
moving body drags the ether along with it in its motion. 
His conclusion is, that part of the elfier adheres to the 
molecules of the body, and is transfeited along with 
them. This conclusion may or may not be correct ; but 
the mere fact that such experiments were undertaken by 
such a man iUustrates the distinctness with which this 
idea of an ether is held by tbe most eminent scientific 
workers of the age. 



But while I have endeavored to place before you with 
the utmost possible clearness tlie basis of the undulatory 
theory, do I therefore wish to close your eyes against any 
evidence that may arise of its incorrectness ? Far from 
it, Tou may say, and justly say, that a hundred years 
ago another theory was held by the most eminent men, 
and that, as the theory then held had to yield, tbe undu- 
latory theory may have to yield also. This is perfectly 
logical. Just in the same way, a person in the time of 
Newton, or even in oar own time, might reason thus : The 
great Ptolemy, and numbers of great men after him, be- 
lieved that the earth was the centre of the solar system. 
Ptolemy's theory had to give way, and the theory of 
gravitation may, in its turn, have to give way also. Tliis 
is jnst as logical as the former argument. The strength 
of the theory of gravitation rests on its competence to ac- 
count for all the phenomena of the solar system ; and how 
strong th!it theory is will be understood by those who 
have heard in this room Prof. Grant's lucid account of all 
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that it explains. On a precisely Bunilar baeia rBBts the 
nndulatory theory of light ; only that the pheoomena which 
it explains are far more varied and complex than the phe- 
nomena of gravitation. You regard, and justly bo, the 
discovery of Neptune ai a triumph of theory. Guided by 
it, Adams and Leverrier calculated the position of a plane- 
tary mass competent to produce the disturbances of Uranus. 
Leverrier communicated the result of hia calculation to 
Galle, of Berlin ; and that same night Galle pointed the 
telescope of the Berlin Observatory to the portion of the 
heavens indicated by Leverrier, and found there a planet 
36,000 miles in diameter. 

It so happens that the undulatory theory has also its 
Neptane. Fre«nel bad determined the mathematical ex- 
pression for the wave-surface in crystals possessing two 
optic axes ; but he did not appear to have an idea of any 
refraction in such crystals other than double refraction. 
While the subject was in this condition the late Sir Wil- 
liam Hamilton, of Dublin, a profound mathematician, 
took it up, and proved the theory to lead to the conclu- 
Bion that at four special points of the wave-surface the 
ray was divided not in two parts, but into an infinite 
number of parts; forming at those points a continuous 
conical envelope instead of two images. N"o human eye 
liad ever seen this envelope when Sir William Hamilton 
inferred its existence. K the theory of gravitation be 
true, said Leverrier, in effect, to Dr. Galle, a planet ought 
to be there : if the theory of undulation be true, said Sii 
William Hamilton to Dr. Lloyd, my luminous envelope 
ought to be there. Lloyd took a crystal of Arragonite, 
and following with the most scrupulous exactness the in- 
dications of theory, discovered the envelope which had 
previously been an idea in the mind of the mathematician. 
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Whatever may be the strength whioh the theory of gravi- 
tation derives from the discovery of Neptune, it is matched 
by the strength whioh the andulatory Uteory derives from 
the discovery of conical r^ractim. 



I would strongly recommend for perqsal the eaaay on 
light, published in Sir John HerachelVi Fftmiliar Leotorea 
on Sdentifio Snlgeota." 

J. T, 
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TbUaic Ekctrictty : the YoUaic Batt&ry. 

1. If two pieces of the same metal (pure zinc or pore 
platinum, for example) be immersed in water, which has 
been rendered sour by the addition of a little salphurio 
acid, the acidulated water attacks neither. 

The ordinary zinc of commerce being rendered impure 
by the admixture of other metals is attacked by the acid. 
It may, however, be enabled to withstand the acid by 
covering its surface with mercury. The zinc is dissolved 
by the mercury, detached from its impurities, and pre- 
sented to the liquid. This process is called amalgor 
motion, 

2. If two pieces of two different metals (pure zinc and i 
platinum, for example) be immersed in acidulated water, 
no sensible action occurs aa long as the metals do not touch 
each other / but the moment they touch, and as long as 
they continue in contact, the zinc is attacked by the acid- 
ulated water and dissolves, white bubbles of gas rise 
from the surface of the platinum. 

3. This gas when collected proves to have the specific 
gravity of hydrogen ; like hydrogen it also burns in the 
air. The water, in fact, is decomposed by the touching 
metals ; its oxygen unites with the zinc to form oxide of 
tine, while its hydrogen escapes from the platinum. 
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4. If the two metala be only partially plunged into the 
Bcidiilated water, it does not matter whether contact oc- 
curu within, the liquid or outside of it. The effect in both 
cases is the decomposition of the water, the aolation of 
the ^inc, and the liberation of the hydrogen gas. 

5. When the two partially immersed metals are con- 
nected outside the liquid by a long wire (say of copper) 
the effect is the same aa when they touch directly. In 
both cases a circuit is said to be formed, consisting of the 
two metals and the hquid. In the case last mentioned 
the copper wire is said to complete the circuit. 

For these experiments a strip of platinum and a strip 
of amalgamated zinc are employed. The liquid is placed 
in a glass cell with parallel sides, through which is sent a 
beam of light, and by means of a lens a magnified image 
of the cell and its two strips is cast upon a screen. The 
chemical action consequent upon touching the metals, 
or on completing the circuit with a wire, and its suspension 
■when contact is interrupted, are then very plainly seen, 

6. Tlie wire is also said to be the vehicle of an electric 
current which flows round the circuit. It is also called a 
Voltaic current, because the action here described was 

, — discovered by the celebrated Italian philosopher Volta. 
These terms, however, convey to us, as yet, no meaning. 
Our sole business during the present lecture is to examine 
the wire which completes the circuit, and to determine 
wherein it differs from an ordinary wire. 

'I. And to enable ourselves to do this effectually, we 
shall employ an arrangement, or a combination, of zino 
and platinum plates and acids, known as a voltaic battery. 
We shall subsequently analyze this battery, and de- 
termine what occurs within it. For the present, as afore- 
said, we shall confine ourselves to the examination of th« 
wire which completes the circuit outside the battery. 
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^Sectro-JIfaffnetiam: Elementary Phsnomena, 

8, Interrupting tlie circuit, and immersing the wire Id 
Iron filings, it shows no power of attraction over them. 
Establishing the circuit, on reimmersing the wire in the 
filings they cluster round it and cling to it. If the wire 
be raised out of the filings, they form an envelope round 
It. The moment, however^ the oircoit is interrupted, the 
filings fall. 

9, If the wire be disconnected from the plates of plat- 
inum and zinc, and stretched under and parallel to a sus' 
pended bar magnet, no action is observed ; but on mak- 
ing the wire, stretched beneath the magnet, form part of 
a Toltaio circuit, the magnet is deflected from the mag- 
netic meridian. This is (Ersted'a discovery. 

10, To the eye the wire, if tolerably thick, is un- 
changed by its connection with the zioc and platinum. 
But if for the thick copper wire a thin platinnm wire be 
substituted it is sensibly heated, and may even be caused 
to glow brightly. The wire therefore must be the vehicle 
of some power or condition, which is competent to pro- 
duce both magnetic and thermal phenomena. 

11, If a naked wire, forming part of a voltaic circuit, be 
wound round a bar of iron, the power of which the wire 
was the vehicle is in great part transmitted to the iron 
which becomes part of the circuit. 

12, But if the wire be overspun with cotton, or still 
better with silk, this transmisaion of the power from the 
wire to the iron bar is prevented. The wire may then be 
coiled round the bar while the power is compelled to pass 
in succession through all the convolutions of the wire. 
Here the iron bar is not at all in the circuit. 

13, But though not in the circuit it is powerfully ex- 
Cited by the surrounding wire. Every convolution of tha 
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wire evokes a certain amount of magnetism in the bar ; 
and by rendering the convolutions sufficiently numerous, 
a magnet of enormous strength may be thus generated. 
This is Sturgeon's application of Arago's discovery. 

14. Such a magnet is called an Electro-magnet to di»> 
tinguish it from ordinary permanent steel magnets. When 
the circuit le broken the power of the electro-magnet 
ceases. It then falls from its highly-excited condition to 
the condition of ordinary iron, 

15. For electro-magnetic purposes the covered wire is 
usnally coiled round a hollow reel, several layers of coil 
being sometimes superposed upon each other. In this 
condition the reel is called an ekctro-magnetio helix. The 
iron bar to be magnetized is placed within the helix, form- 
ing its core. The electro-magnet may be either straight, 
shaped like a horseshoe, or it may be caused to assume 
other forms. 

16. The smooth bar of iron placed across the ends, or 
poles, of a horseshoe magnet, is sometimes called a keeper^ 
sometimes an armature, and sometimes a mb-magnet. 

\'}. It is not necessary that the convolutions of the 
helix should be close to the core. A hoop, for example, 
a yard in diameter, round which covered wire is coiled, 
magnetizes an iron bar placed across it at its centre. The 
magnetized body is here nearly 18 inches from the mag* 
netizing coiL How is the power transmitted from the one 
to the other? Is it an action at a distance, or does it re- 
quire a medium for its propagation ? I do not know. 
The question at present profoundly interests investiga* 
tors, 

18. If a covered wire forming part of a voltaic circuit 
be coiled round an iron bar near one of its ends, there is a 
propagation of the excitement along the bar toward the 
die taut end. As the coils augment in number the attrao- 
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tive power of the distaDt end increaBes. On undoing ttie 
coils the magnetism gradually falls. The procesB resem- 
bles more or less the conduction of heat. The augmentar 
tion of the coUs answering to the increasing of the tem- 
perature, and the undoing of the coila answering to the 
cooling of the end of the bar, 

^EHectro-Mctgnetic Engines. 

19. When the end of a cylinder of iron is partially in- 
troduced into an electro-magnetic helix, on completing the 
circuit a force of suction is exerted upon it tending to draw 
it into the helix. Page turned this force to account in the 
construction of an electro-magnetic engine. 

Hollow iron cylinders, which pass freely into tha 
helix, are employed for this experiment. The end only 
of the hollow cylinder being introduced, when the circuit 
is completed the cylinder is suddenly and strongly 
sucked in. 

20. Others have turned to accotint rnechamcally the 
attraction exerted by electro-magnetic cores on bars of 
iron. The distinguished electro- mechanician Froment pro- 
duced rotatory motion in this way. A series of electro- 
magnets are so ranged that their poles lie facing each 
other along the circumference of a circle ; and a series of 
transverse bars of iron are so connected together as to be 
able to approach the poles in succession, and rotate as a 
system. When the circuit is established, these bars are 
attracted, motion being thus imparted to the system. The 
bars on arriving at the poles which attract them suddenly 
eease to be attracted ; the magnetism being temporarily 
suspended to allow each bar to pass forward, with the 
Telocity impressed upon it, to the next pair of attracting 
poles. On reaching these the magnetism is again tem- 
porarily suspended. Thus the bars are never pulled 
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back / and in this w&y & continuous motion of rotation ia 
maintained. 

21. This rotatory motion can be applied in Tarioas 
ways ; it may, fcr example, be caused to pump water, to 
saw wood, or to drive piles. 

One of Froment's electro-naagnetic engines, and itM 
application to pumping and pile-driving, is employed to 
illustrate this. 

Physical Efects of Magnetization, 

22. Sound is one of the physical effects which accom- 
pany sudden magnetization and sudden demagnetization. 
An ear placed close to an iron core hears a clink the mo- 
ment the circuit is established round it. A clink is also 
heard when the circuit is broken. This is Page's discovery. 
Employing a contact-breaker (in a distant room to abolish 
its noise) the coil may he magnetized and demagnetized 
in quick succession ; the sounds then produced may be 
heard by several hundreds at once. 

A poker of good soft iron placed within an electro- 
magnetic helix, and with its two ends supported on wooden 
trays, produces a very good effect. The sound may be 
rendered musical. 

23. When an iron bar is magnetized its volume is un- 
changed, but its shape is altered. It lengthens in the 
direction of magnetization. This is Joule's discovery. 

24. Joule employed a system of levers to augment the 
effect, and a microscope to observe the elongation thus 
augmented. Our method is this : The iron bar is magnet- 
ized by an electro-magnetic helix which surrounds it. 
Its elongation is first augmented fiftyfold by means of a 
lever; and this motion is applied to turn the axis of m 
rotating mirror. From the mirror is reflected a long beani 
of Ught^ which forms an index without weight. The re- 
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fleeted beam may be caused to print a circle of light upon 
a white screen, and this circle when the bar is magnetissed, 
suffers a displacement due to the elongation of the bar. 
This displacement may amount to a foot or more. 

What is the cause of this elongation ? The discussion 
of this question requires some preliminary knowledge. 

25. If a sheet of paper or a square of glass be placed 
over a magnet, iron filings scattered ou 1 he paper or on 
the glass arrange themselves in lines, which Faraday called 
Lines of Force. Along these lines the filings set their 
longest dimensions, and they also attach themselves end 
to end. A little bar of iron, or a small magnetic needle, 
freely suspended, sets itself also along these lines of 
force. 

The formation and modifications of the magnetic curves, 
or lines of force, are shown in this lecture by means of small 
magnets held between plates of glass and strongly illumi- 
nated. Magnified images of the curves are thrown upon 
a screen about 40 feet distant. The shifting of the curveB 
by the tapping of the glass is plainly visible. 

26. We may regard a bar of iron as made up of parti- 
cles united by the force of cohesion, but still to some ex- 
tent distinct. When iron is broken we see crystalline 
facets on the surface of fracture. In fact, the bar is com- 
posed of minute crystals of irregular shape. These, when 
the bar is magnetized, try to set their longest dimensiona 
parallel to the direction of magnetization, that is to say, 
in the direction of the bar itself. They succeed in this 
effort to some slight extent, and thus produce the minute 
and temporary lengthening of the bar. This is the ex- 
planation of De la Rive. It is, I think, as true as it is 
acute. 

27. Magnetic oxide of iron may be suspended as a 
powder in water contained in a cylindrical vessel with flat 
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^aas ends. Let the veaad b» mnaBded by a Cfnl of 
covered wire. Tiniilag, M a oade tkraagh the mnddy 
Uqaid, and ""^"g tke |Ht a voluie ctrcnit, the 
candle bnghteaa aft Ika ■■■•■■ft ika'Aemk ia made. 
Broakmg tlM cnevk, ■(■> ■■pemML This is 

doe to aa amageMaaft of the pBidekaaf aa^aadcd oxide 
ttmilar to that of tha jran ttaga. TkKf act ^cir longest 
dimeasioDs paiallel In ihr himm nf Bftht.aBdlhan oWtmct 
its passage less. TheT aLw attack ikeaaelTea end to end, 
aitd form Iine$ like the lines of ifi^a. Tim b^atiful ex- 
periment is due to GrOTCs, 

Piojeoting a magmfied inaga of the ead of the cylin- 
drical cell on a screen, aad mm£mg thrash h the beam 
of the electric lamp wheaeTer etrsut is established, 
an Ulutoinated disk, i or 3 ieek in diameter, flashes oat 
upon the screen. 

Chaneter of Xafftutie Foret, 

It is necessary to our further progress to have clear 
and definite ideas as to the character of the maguetio 
forc& 

28. The magnetic power of a noagnet, or of a mag- 
nede needle, though really distributed throughout its 
mass, appears to be concentrated at two points near the 
ends. These points are caUed the pole* of the magnet or 
needle. 

28. The magnetic power of the earth ia doubtless also 
distributed through the mass of the earth, but a concen- 
tration similar to that jnst noticed endows the earth also 
with magnetic poles. 

aO. The action of the earth upon a magnetic needle is 
this: the north terrestrial pole repels one end of the 
needle and attracts the other ; the south magnetic pole 
also attracts one end of the needle and repels the other. 
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Btit the end attracted by the north terrestrial pole ia re- 
pelled hf the south, while the end attracted by the south 
b repelled by the north. 

4^1, TbuB to each terreetnat magnetic pole the needle 
presents two ends which are differently endowed. Two 
opposite kinds of magnetism may be supposed to be con- 
centrated at the two ends. In this dmibleneas of the mag- 
netic force consists what is called magnetic polarity. 

32. Each of the two distinct kinds of magnetism may 
be regarded as seltrepellent. North repels north, &nd 
south repels south. But different kinds of magnetism are 
mutually attractive ; south attracts north, and north at- 
tracts south. 

33. When a magnet, or a magnetic needle, is suspended 
with the line joining its poles oblique to the magnetic 
meridian, the earth's action on the needle resolves itself 
into what in mechanics is called " a couple," tending to 
turn the needle into the magnetic meridian. 

34. When the needle is in the meridian, the two forces 
which constitute the couple are opposite and equal. The 
tendency to produce rotation then ceases ; the needle is 
in its position of equilibrium. 

35. When the forces are equal and opposite they must 
neutralize each other ; no motion of translation of the 
needle being, therefore, possible, Tlius, when the needle 
is caused to swim on water, or on mercury, it does not 
move toward either of the terrestrial magnetic poles. 

36. One pole of a bar magnet repels the one end and 
attracts the other end of a magnetic needle. At the other 
pole of the magnet the attraction and repulsion are 
reversed. In the middle of the magnet is the magnetio 
equator, where neither end of the needle is attracted or 
repelled. 
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Magnetism of ITelix: Strength of Meetro-Magnett. 

31. An electro-magnetic helix, even without a core of 
iron, behaves exactly like a magnet. It attracts iron. 
Its two ends, moreover, are opposite poles, and between 
them is a magnetic equator. When, however, a core it 
plact;d within the helix, the magnetism of the combined 
system is far more intense than that of the helix alone, 

38. The strength of a magnet is measurt-d by its power 
to deflect a magnetic needle from its meridian ; the mag- 
netic strength of a helix alone, and of a helix and core 
combined, ate similarly determined. 

39. To obtain the magnetic strength of the core alone, 
we first determine the strength of the helix alone, then 
that of the helix and core combined; subtracting the 
former strength from the latter, we obtain the magnetic 
strength of the core. 

40. If the cores be thick and formed of good iron, the 
magnetic strength of the core is exactly proportional to 
that of the helix. A helix of double power will produce 
an electro-magnet of double strength ; a helix of treble 
power, an electro-magnet of treble strength, and so on. 
Thus by varying the strength of the helix we vary in like 
degree the strength of the iron core within it, 

Meclro-Maffnetic Attr actions : Law of Squares, 

41. And here an important point arises, Wlieu we 
allow a core of double power to act upon a piece of good 
iron, nearly but not quite in contact with the core, the 
attraction of the iron is not doubled, but quadrupled. If 
the core be of treble power, the attraction is not only 
trebled, but it increases ninefold. If the magnetio 
strength of the core be quadrupled, the attraction of the 
uon is augmented sixteciifold. In fact, the attraction ift 
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propoitioDal, not to the strength simply, but to the 
Btrength multiplied by itself, or to the square of the 
ttrengih of the electro-magnet. 

We must he very clear aa to the cause of this action, 
and must, therefore, contrast for a moment the magnetic 
action of hard steel with that of soft iron. 

42. Soft iron is easily magnetized, but it loses its mag- 
netiRm when the magnetizing force is withdrawn. Steel 
is magnetized with difficulty, but it retains its maguetii^m 
even after the withdrawal of the magnetissing magnet. 

43. This obstinacy on the part of steel in declining to 
accept the magnetic state, and this rotentiveness on the 
part of steel when the magnetic condition has been once 
imposed upon it, are called coercive force. It is not a 
happy term, but it is the one employed, 

44. Supposing a piece of magnetized steel to possess a 
coercive force so high as to resist further magnetization, 
its attraction by an electro-magnet would be directly pro- 
portional, not to the square of the strength, but simply to 
the strength of the electro-magnet. 

45. Why, then, does the iron follow the law of the 
square of the strength ? It is because the magnetic con- 
dition of the iron is not constant, but rises with the 
Btrength of the magnet. When the magnetism of the 
core is doubled, the magnetism of the iron is also doubled ; 
when the magnetism of the core is trebled, the magnetism 
of the iron is trebled. The resultant attraction is found 
by multiplying the magnetism of the iron by the magnet- 
ism of the core, and this product is the expression of the 
law of squares just referred to. 

46. To make the matter clearer, let us figure the mag- 
netism of the core as due to particles of magnetism, which 
are introduced into the core in gradually-increasing niim 
hers. Let us start with a core possessing one maguetio 
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particle, and let it act upon a piece of bard steel also foa- 
Bessing one magnetic particle; the resulting attraction wil! 
be unity or 1, Let two particles be now thrown into the 
core : the steel in virtue of its coercive force remalnB un- 
changed, but its particle being now pulled by two parti- 
cles instead of one, the resulting attraction will be 2. If 
three particles of magnetism be thrown into the core, all 
of them pulling at the single particle of the steel will pro- 
duce a treble attraction, and so on, 

47. Now let us start with a core possessing, as before, 
a single particle of magnetism, and with a piece of iron 
also poBsessing a jingle particle generated by the core ; 
the attraction, as before, is here unity. On introducing 
two particles into the core, they generate immediately two 
particles in the iron. But two particles each palled by 
twice the force first exerted, makes the attraction four 
times what it was at the outset. 

It is to be remembered that every particle is attracted 
Ss if the other particles were absent. 

48. In like manner, if three particles be thrown into 
the core, three particles are also generated in the iron. 
Each of these iron magnetic particles is pulled by the three 
particles of the electro-magnet ; that is to say, each of the 
iron particles is pulled with three times the primitive force. 
Bnt there are three particles so pulled ; hence the attrac- 
tion is nine times what it was at the outset. 

49. Let us compare this action for a moment with that 
of gravity. Two masses of matter attract each other with 
a force which we shall take as our unit. If the one mass 
be doubled, the attraction is doubled ; if both masses bo 
doubled, the attraction is increased fourfold. If one 
mass be trebled, the attraction is trebled ; if both masses 
be trebled, the attraction is increased ninefold. When, 
tfaerefore, both the masses are doubled and trebled, we 
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have the law of squares. Now, it is this doubling and 
trebling, in, both cases, of the thing which causes magnetio 
attraction, which causes it to follow the same law. 

Inference from Law of 8qiiares : Theoretic Nbtiom, 

60. Why do I lead you through these consldcratioDB t 
Simply to make clear to you, that if " the law of equares " 
here developed show itself in the action of a magnet upon 
matter, we may infallibly infer that the condition of that 
matter is not a constant condition ; but that it rises and 
falls with the condition of the magnet. Matter thus af- 
fected is said to he magnetized by influence or by induc- 
tion. It is attracted or repelled (for we shall come im- 
mediately to the repulsion of matter by a magnet) in virtue 
of some condition into which it is temporarily thrown by 
the influencing magnet. 

5 1, What then is the thing that causes magnetic attrae- 
tion? The human mind has long striven to realize it. 
Thales (600 b. c.) thought that the magnet possessed a 
flouL Cornelius Gemma in IS 35 supposed invisible lines 
to stretch from the magnet to the attracted body, a con- 
ception which reminds us of Faraday's Lines of Force. 
Others thought the iron the natural nutriment of the 
magnet. Descartes embraced magnetic phenomena in 
his celebrated ttieory of vortices, aiid in our day Clerk 
Maxwell has worked in this direction. ^Epinus assumed 
the existence of a magnetic fluid. Coulomb assumed the 
existence of two fluids, each self-repellent, but mutually 
attractive. Ampfere deemed a magnet an assemblage of 
minute electric currents, which circulated round the atoms 
of the magnetized body. These conceptions ape some- 
times exceedingly useful as a means of connection and 
classification, even when we do not believe them troe. 
William Thomson deduces magnetic phenomena from 
ID 
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** imaginary magnetic matter," thas ^irbg the mind tiM 
conception while distinctly releasing it from belie£ The 
real origin of magnetism is yet to be revealed. 

IXamagnetism : Magne- Orystanic Action. 

52, Bragmana, in 1773, first observed the repulgion of 
bismuth by a magnet. In 1327 Le Baillif described the 
repulsion of antimony, Saigey, Seebeek, and Becquerel, 
also observed certain actions of the kind, 

53, In 1345 Faraday geoeralized these observations 
by demonstrating the magnetic condition of all matter. 
He showed that bodies divided themselves into two great 
classes, the one attracted, the cither repelled by the pules 
of a magnet. 

54, To the force producing this repulsion, Faraday gaya 
the name of Diamaguetlam. 

What is the nature of this force ? Is it inherent and 
constant, or is it induced ? 

55, The repulsion of diamagnetio bodies follows acco- 
rately the law of squares above developed, A doable 
force produces a quadruple repulsion ; a treble foroe pro- 
duces a ninefold repnlsion, and so on. 

sa. Hence we may infer, with certainty, that the com- 
dition of diamagnetic bodies in virtue of which they are 
repelled by a magnet, is a condition induced by the mag- 
net, rising and Calling aa Che strength of the magnet rises 
and tails. 

57, The foroe of diam^^etism is vastly feebler than 
that of ordinary magnetism. Of all diamagnetie sub- 
stances, for example, bismuth is tliemost strongly repelled; 
bat its repulsion is almost incompanibly less than the at- 
traction of iron. According to Weber, the magnetism of 
a thin bar of iron exceeds the diamagnetism of an equal 
niass of bismuth about two and a half million times. 
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59. Diamagnetic bodies under magnetic excitement 
exhibit a polarity the reverse of that of magnetic bodies. 
In all cases, whether we operate with helices or with 
rna<^iiets, or with helices and magnets combined, the 
actions of magnetic and diamagnetic bodies are anti- 
thetical. 

51), An iron statue standing erect on the earth's sur- 
face ip converted into a magnet bjr the earth's magnetism ; 
a marble statue, or a man standing erect, is converted by 
the same force into a diamagnet ; for marble is diamag- 
netic, and so are all the tissues and all the solids and 
fluids of the buman body. The poles of the man are those 
of the iron statue reversed, 

60. Organic bodies, and most crystals, are magnetized 
■with different degrees of intensity in different directions. 
They are endowed with ctxes of magnetic induction, 

61. Thus in the case of Iceland spar (carbonate of 
lime), the repulsion along the axis is a maximum. In the 
case of carbonate of iron, a crystal of the same shape and 
structure as carbonate of lime, the attraction along the 
axis is a maximum. 

62. The position assumed by a crystal when suspended 
between the poles of a magnet, depends on its magnetia 
axes. 

JFHctional ^Electricity : Attraction and Sepuhion : Gon- 
duction and Insulation. 

63. By the friction of a woollen cloth amber is en- 
A jwed with the power of attracting l^ht bodies. This 
substance was called Electron by the Greeks ; hence the 
name Electricity was applied to the power of attraction 
exhibited by amber. This attraction remained an isolated 
feet for more than 2,000 years, 

04. In ttte year 1600 Dr. Grilbert of Colchester, physi- 
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eian to Qaeen Elizabeth, showed that the power of attrs<t> 
tion was shared by many other substances. T>ry glaxn, 
for example, when rubbed by silk, and dry sealing-wax 
when rubbed by flannel, exhibit this attractive power. 
When they do so they are said to be electrified. 

65. An electrified body attracts and in attracted by all 
kinds of unelectritied matter ; but repulsion may also come 
into play. Thus, rubbed glass repels rubbed glass, and 
rubbed sealing-wax repels nibbed sealing-wax ; wliilft 
rubbed glass attracts rubbed sealing-wax, and rubbed 
Bealing-wax attracts rubbed glass. 

06. Hence the notion of twio kinds of electricity : one 
proper to vitreous bodies, and therefore called vitreoua 
electricity ; the other proper to resinous bodies, and there- 
fore called resinous electricity, 

67. These terms are improper; because by employing 
suitable rubbers we can obtain the electricity of sealing- 
wax from glass, and the electricity of glass from sealing- 
wax. We now use tl>e term positive electricity to denote 
that developed on glass by the friction of silk ; and nega- 
tive electricity to denote that developed on sealing-wax 
by the friction of flannel. 

68. Bodies endowed with the same electricity repel 
each other, while bodies endowed with opposite electrici- 
ties attract eacli other. This is the fundamental law of 
electric action. 

68, The rubber and the body nibbed are always en- 
dowed with opposite electricities. They always attract 
each other. The woi-k done in overcoming this attraction 
appears as heat in the electric spark, 

70. To find the kind of electricity with which a body 
is endowed we must ascertain, by trial, the electricity by 
which the body is repelled. This, we may be sure, is the 
electricity of the body. Attraction does not furnish a 
lafe test, because uuelect rifled bodies are attracted. 
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71 Some substances possesi in a very high degree tha 
capacity of transmitting the electric power, or condition ; 
others possess in a higli degree the capacity of intercept- 
ing it. The former bodies are called conductors, the latter 
bodies, insulators. 

72. The insula tors were formerly called eleetrioa, be- 
cause they could be electrified by friction when held in 
the hand. The conductors were called non-electrics, be- 
cause they could not be so electrified. The division is 
improper, because if a conductor be insulated it can 
readily be electrified. To keep it electrified an insulator 
must be introduced between it and the earth. 

Theories of Electricity .' Electric Eluids. 

13, What is electricity? Why should it adhere so 
tenaciously to some substances, and flow so freely through 
or along others ? The human mind has made many 
attempts to imagine tbe inner cause of electric action, and 
it still continues to make each attempts. Formerly it was 
thought that magnetism and electricity, as weU as light 
and heat, were all the work of "imponderable matter," 
associated with the ordinary matter. In the case of light 
and heat, this conception has undergone profound modi- 
fication ; and we seem to see clearly the mechanical cause 
uf both. But no similar clearness has as yet been at 
tained with regard to electricity, though a strong presump- 
tion exists that our notions of it are destined Boon to 
undergo a modification equally profound. 

74. Meanwhile we may employ the provisional con- 
ception famished by the theory of electric fluids. It will 
enable us to classify our facts, though it is not to be re- 
garded as demonstrated. 

75. According to tliia theory, electrical attractions and 
repulsions arise from two invisible fluids, each self-re- 
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pnlsire bat both mutaally attractive. The ilaids ars 
supposed to be mixed together to form a compound neu- 
tral tluid in unelectrilied bodies. 

76. The act of electrification, by friction, consists in 
the forcible separation of the two fluids, one of which is 
diflEiised over the rubber, and the other over the body 
rubbed. But they may also be separated in another way 
now to be illustrated, 

Mectric Induction,: the Cotidmser: the JSlectropkorM, 

77. If an electrified body be brought near an insnhited 
nnelectrified conductor, but not into contact with it, the 
electrified body will decompose the compouud fluid of the 
conductor j attracting one of its constituents and repelling 
the other. When the electrified body is withdrawn, the 
separated fluids reunite and neutralize each other. 

78. This forcible separation of the two fluids of a 
neutral conductor, by the mere proximity of an electrified 
body, is called electric induction. Bodies in this state are 
also said to be electrified by influence. Neutral bodies are 
attracted because they are first excited by induction. 

79. When an insulated conductor is acted on by an 
electrified body, its repelled electricity is free, but its 
attracted electricity is held captive by the inducing elec- 
trified body. Connecting the conductor for a moment 
with the earth, its free electricity escapes ; and then, on 
the removal of the electrified inducing body, the captive 
electricity is liberated and diffused over the surface of the 
conductor, 

80. Thus by the mere proximity of the electrified body, 
and without establishing contaot between it and the 
neutral conductor, we can charge the latter voith the oppo- 
tite ekctricity. 

81. Two sheets of tin-foil (conductors) being separated 
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from each other by a sheet of glass (an insulator), if one 
sheet have electricity imparted to it, it will act through 
the glass, and decompose the neutral electricity of the 
opposite sheet attracting the one coostituent and repelliag 
the other. 

82. If the second sheet bo connected with the earth 
the repelled electricity will flow away, and we shall have 
two mutually attractive layers of electricity separated 
from each other by the glass. 

83. If the one sheet of tin-foil be united with the other 
by a conductor, the two opposite electricities will flow 
together ; the tin-foil is then said to be discharged. This 
discharge usually assumes the form of a spark. 

84. If the surface of a cake of resin, or of a sheet of 
vulcanized india-rubber be electrified, a plate of metal 
laid upon it will have its neutral fluid decomptosed j its 
positive fluid being attracted and its negative repelled. 
On touching the metal plate its free (repelled) electricity 
flows to the earth ; and now if the plate he raised by an 
insulating handle, it will appear charged with positive 
electricity. This is the principle of the SSectrophoras, 

The Electric Machine : the Jjeyden^ar. 

83. An Electric Machine consists of two parts : the 
insulator, which is excited by friction, and the prime con- 
ductor. 

86. The first electric machine consisted of a ball of 
Bulphur, which was rubbed against the hand. It was in- 
vented by Otto von Guericke, burgomaster of Magdeburg, 
in the year 167L A sphere of glass was afterward intro- 
duced, then a cylinder of glass, and finally a round glass 
plate, which was rubbed with dry sUk. 

87. The prime conductor is thus charged : When the 
glass plate is turned by a handle it pasaea between the sUk 
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93. It is agreed to call the direction in which tho 
positive electricity flowe ^Ae direction of the eurrmt. 

Mectric Dlstharge : Thunder and LigMning. 

94. When an electric current enooontera rcBistance in 
its passage, heat is developed : this heat is sometimes so 
intense as to reduce met a la to a state of vapor. 

95. When a body is intensely electrified, it will dis- 
charge its electricity to an unelectrified body across an 
interval of air in the form of an electric spark. Two 
bodies oppositely electrified discharge to each other in the 
same way. 

96. When two oppositely electrified clouds discharge 
toward each other, the track of the lightning marks the 
course of an electric current, and the sound of the thunder 
is the sound of an electric sparL 

97. An electrified cloud, if it come near the earth, may 
discharge its electricity to the earth in the same way. 

98. If the body through which the atmospheric elec- 
tricity passes be a good conductor, and of sufficient size, 
no harm is done ; but the resistance offered by trees, 
houses, and animals, to the passage of the electricity 
usually causes their destruction, 

99. The nervous system requires a certain interval of 
time to become conscious of pain. The time of an electric 
discharge is but a small fraction of this interval ; hence 
as a sentient apparatus the nervous system is destroyed 
before consciousness can set in. If this be true— and there 
•re the strongest grounds for believing it to be true- 
death from lightning must be painless. 

100. When an electrified cloud passes over a pointed 
lightning-conductor, the opposite electricity of the earth 
is discharged from the point of the conductor agaiiist tho 
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dMid. The cloud IB thus neutralized, and, in general^ 
with not producing thunder. 

101. The duratiou of an electric spark amounts only'to 
•n extremely small fraction of a second. On this account, 
when moving bodies are suddenly illuminated by the 
RpHrk from a Leyden-jar, they appear to re»t for a. short in- 
terval in the position which they occupied when the flash 
fell upon them, A moving cannon-ball illuminated by a 
flash of lightning appears to stand still about one-eighth 
of a second, this being about the interval during which an 
impression, once made, persists upon the retina, 

102. The unretarded electric spark will scatter gun- 
powder, but will not ignite it. To produce ignition it is 
necessary to retard the discharge by sending it through a 
wet string, 

Mectric J)emity : Action of Points. 

103. If wo double the quantity of electricity imparted 
to the same conductor, the density of the electricity is 
said to be doubled ; if we treble the quantity, the density 
is said to be trebled ; and so on, 

104. On a sp/iere the density of the electricity is the 
same at all points of its surface ; on a plate the density 
is greatest at the edges ; and on an elongated conductor 
the density is greatest at the ends. 

105. When the conductor ends in a sharp point the 
electric density at the point is so great that the electricity 
discharges itself into the air, 

106. The air thus electrified ia self-repellent, and is also 
repelled by the point, the so-called " electric wind " being 
produced. 

107. By causing an electric wind to issue from opposite 
pomts of a light body, the reaction of the two winds 
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may make the body to float in stable equilibrium m the 
&ir. 

Helation of Voltaic to SHctional Electricity. 

108. The outer ends of two pieces of srinc and platinnm, 
partially immersed in acidulated water, are in opposite 
electrical conditions. The free platinum end shows posi- 
tive electricity, while the free zinc end shows negative 
electricity. 

109. When both plates are united by a wire, the posi- 
tive flows along the wire toward the negative,' and the 
negative toward the positive. But, as mentioned in 
Note 93, it is agreed to call the direction in which the 
positive electricity flows ike direction of the current. 

110. The force which urges this current forward (the 
electro-motive force) is enormously less than that which 
urges forward a current of frictional electricity. The 
consequence is, that the latter ia <tble to surmount resist- 
ances which are totally un surmount able by the former. 

111. But by linking cells together we cause the voltaic 
current to approach more and more to the character of 
the frictional current. It requires, however, a battery of 
more than a thousand cells to make the current from a 
voltaic battery jump over an interval of air jfliqo th of an 
inch in length. An electric machine of moderate power, 
and furnished with a suitable conductor, is competent to 
urge its current across an interval ten thousand times as 
great as this, 

112. The electric spark passes through air by the 
agency of the particles of the conductor from which it 
iprings, and which are carried forward by the discharge. 

113. But measured by other stand.-irds the frictional 
current is almost incomparably more feeble thati the vol- 
taic current. For example; it is not without special 
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arrangementa for multiplying the effect that the current 
from a large electrical machine is enabled to deflect a mag- 
netic needle. 

114. Faraday immersed two wires, the one of zinc and 
the other of platinum, each ^th of an inch in diameter, in 
a cell of acidulated water. The depth of immersion was 
only |th8 of an inch, and the time of immersion only ^ths 
of a second. Still he found that the electricity generated 
by this small apparatus, in this brief time, produced a 
distinctly greater effect upon a magnetic needle than 23 
turns of the large electric machine of the Royal Institu- 
tion. 

lis. A cubic inch of air, if compressed with suflScient 
power, may be able to rupture a very rigid envelope ; while 
a cubic yard of air, if not so compressed, may exert but 
a feeble pressure upon the surfaces which bound it. Now 
the electricity of the machine is in a condition analogous 
to the compressed air. Its density, or, as it is sometimes 
called, its intensity, or tension, is great. The electricity 
from the voltaic battery, on the other hand, resembles the 
uncompressed air. It exceeds enormously in quantity 
that from the machine; hut it falls enormously below it 
in intensity. 

116. The deflection of a magnetic needle and other 
actions of the voltaic current depend solely upon quantity, 
hence the vast superiority of the voltaic current in pro- 
ducing such deflection. 

H7. Faraday found the quantity of electricity dis- 
engaged by the decomposition of a single grain of water 
in a voltaic cell (see Note 5) to be equal to that liberated 
in 800,000 discharges of the great Leyden battery of the 
Royal Institution. This, if concentrated in a single dis- 
charge, would be equal to a great flash of lightning. Ha 
also estimated the quantity of electricity liberated by the 
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themical action of a BiQgU grain of water on four grainn 
of zinc to be equal in quantity to that of a powerful 
Llinnder-storm. 

118. Weber and Kohlrauscti have found that tbe quan- 
tity of electricity associated with one milligramnie of 
hydrogen in water, if difl'used over a cloud 1,000 mfetres 
above the earth, would exert upon an equal quantity of 
the opposite electricity at the earth's surface an attractive 
force of 2,268,000 kilogrammes,* 

JSiitoric tTottingB^ concerning Conduction and tfie 
Leyden-jar, 

119. In 1^29, Stephen Grey, pensioner of the Charter 
House, discovered electric conduction. Connecting an end 
of a wire 700 feet long with a glass tube and supporting 
the wire on loops of silk, he found that on rubbing the 
tube the distant end of his wire became electrified and 
attracted light bodies. He also found that a wire loop did 
not answer as a support, as the electricity escaped through 
it ; hence arose the division of bodies into conductors and 
insulators. Grey's observations were written down by 
the secretary of the Royal Society the day before his 
death, 

120. In October, K46, Von Kleist, a bishop of Cammin, 
in Pomerania, charged with electricity a flask containing 
eometimes mercury, sometimes alcohol Through a cork 
in the neck of the flask passed an iron nail, which was 
brought into contact with the conductor of an electrical 
machine. On touching the nail Von Kleist experienced a 
violent shock, 

121. In January, 1746, Cunseus of Leyden received also 
1 shock, and his experiment was repeated by Allamand 

* The mitre n yarA nnii one-eleventh in length ; VtK milllgramma 
ii ^th of u grain ; llie kilugniiume is 2 Iba. 3^ ox. 
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and Miisschenbroek. A wire passed from the conductor 
of tlie machine into & flask filled with water. Musschen- 
Vjfock held the flask in the right hand, the machine was 
turned, and then with the left hand he drew a spark from 
tlie conductor. The shock received was, according to 
Miisschenhrock so terrible, that he declared he would not 
receive a second for the crown of France, Musschen- 
broek observed that it was only the person who held the 
flask iu his hand that felt the shock. Kleist failed to 
recognize this condition. 

122, In Germany the jar is aometimea called Kleist's 
jar, but more commonly, because of the failure just referred 
to, the Leyden-jar, The theory of it, and other similar 
apparatus, was given by Franklin in September, 1747. 
(See Notes 61, 88, 89, 90.) 

123, In 1747, Dr. Wataon, Bishop of Llandaff", sent the 
discharge from a Leyden-jar through 2,800 feet of wire, 
and through the same distance of earth. Subsequently, in 
the same year, he sent the discharge through 10,600 feet 
of wire, supported by insulators of baked wood. The ex- 
periment was made on Shooter's HilL 

124, In 1748 similar experiments were made by Frank- 
lin across the Schuylkill, and by De Luc across the Lake 
of Geneva. 

Historic Jottings, concerning the Eleetric Telegraph. 

125, The first proposal of an electric telegraph was 
made by an anonymous contributor to the Scofs Matfa- 
sine for 17S3, Various attempts to apply frictional elec- 
tricity for this purpose were subsequently made. They 
culminated in the exceedingly ingenious arrangement of 
Mr. (now Sir Francis) Ronalds, published in 1823. 

126, Th« voltaic pile was described by Volta in a 
letter to Sir Joseph Banks, written &om Como in 1800. 
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127. Immediately afterward Nicholson and Carliile 
discovered the decomposition of water hj the voltaic 
current. 

126. In 1808 Sammering proposeil a system of tele- 
graphy based on the discovery of Nicholson and Carlialcs. 
A similar system was proposed about the same time by 
Pro£ Coste, of Pennsylvania. 

120. In 1820 (ErstLid discovered the deflection of a 
magnetic needle by an electric current.* 

130. The idea of employing the deflection of the 
needle for telegraphic purposes occurred to the cele- 
brated French mathematician, La Place ; the problem 
was partly worked out by Arapire, and still further ad- 
vanced by Ritchie, Professor of Natural Philosophy in the 
Hoy a I Institution. 

131. In 1832 Baron Schilling constructed models of a 
telegraphic apparatus which were exhibited before the 
Emperors Alexander and Nicholas. 

132. In 1833 Gauss and Weber established an elect rio 
telegraph between the Physical Cabinet and the Astro- 
nomical and Magnetic Observatories of G&ttingen, em- 
bracing a distance of nearly 10,000 feet. Faraday's elec- 
tricity instead of Volta's was employed by Gauss and 
Weber. 

1 33. Steinheil was requested by Gauss to pursue the 
Bnhjcet. To the telegraph he made many highly-impor- 

• In his exceedingly usefii] little book on the Telegraph, published in 
Weale'a "Rtidltnentary Series," Mr. Robert Sabine quotea the following 
remarkable paJ^aagc from a. work on m^netiBui, published in Paria^ bj 
Prof. Izarn, in 1804: "D'aprfes les observations de Roraagn&i, phj'Bicien 
ie Trente, I'liiguiile dej^ aimant6e, et i)ue Ton soumet ainai an courant 
gaifinique, iprouve iine ileelinaiiion ; et d'aprfes cellea de J. Mi^on, 
uyant cb^raLite de GAnes, les aiguUIea oon-aimGnt^ea acquit rent par ca 
moyen uiie iiorte de polarity inagn^tique." The work aaatainlog thiM 
{nuage waji lent to Ur. Sabine by Mr. Latiinur Clark. 
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taut contribution B and auggestions. In 1 837 he had estab- 
lished A Bjrstem of wires about 40,000 feet in length, con- 
nectiug various points in ttie city of Munich and ita 
neighborhood. The most considerable discovery of Stein- 
heil, and, indeed, one of the most practically important 
hitherto made iu connection with telegraphy, is that the 
" return wire " between two stations might be dispensed 
with, and the earth employed iu its stead. 

134. In 1834 Wheatatone, by means of a rotating mir- 
ror, made his celebrated experiments on the velocity of 
electricity. In the following year he exhibited one of 
Baron Schilling's telegraphs iu his lectures at King's 
College, 

135. In 1836 Mr. William Fothergill Cooke saw in the 
lectures of Pro£ Muncke, at Heidelberg, the performance 
of a similar instrument. Struck by its obvious practical 
importance, he devised a system of telegraphy, and, in 
partnership with Wheatstone, dating from June, 1837, 
succeeded in introducing the telegraphic system into 
England, 

136. From 1832 to 1836 Morse sought to apply chemi- 
cal decomposition by the electric current to telegraphic 
purposes ; he abandoned this for his electro-magnetic 
system devised in 1836, This method consists in stamp- 
ing, by means of the attraction of an electro-magnet, dots 
and lines upon a slip of paper caused to move by proper 
mechanism over the circumference of a wheel, 

137. In 1850 the first submarine cable was laid by 
Mr. Brett between Dover and Calais. It survived only a 
day. In 1851 another cable was laid down, which proved 
successful. 

138. On the 5th of August, 1858, the submergence of 
the first Atlantic cable was completed, and messages were 
»ent between England and America. The cable ceased 
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to act on the 4th of September, or about a month after its 
■nbmersion. 

139. In 1865 the second Atlantic cable was laid and 
lost. In 1866 a cable was sacccssfuUy laid, and in the 
sanie year the cable of 1885 was recovered. Messages ara 
now sent between England and America at the rate of 
fourteen words a minute. 

J'henomenu observed in Telegraph- Cables. 

140. Davy showed ("Elements of Chemical Philoso- 
phy," 1812, p. 154) that a Leydeii-battery could be charged, 
with voltaic electricity.* 

* Dat; thua deBcribes the celeli rated bftttcrj witli vhicli he made 
this eiperiment. The spirit to which the battery owed ita birth h^ not 
diimtiishcd among the mcmbors or the Royal Institution : " The most 
powerful conibioatioD thut exists in which number of alLemationa Is com* 
bined with extent of Burfnee, is that constructed by the subscriptioDS of 
a few 2:ealous cuttiratofB mid patrons of suicncc, in the Uboratory of the 
Royal Institution (io ISOij). It consiats of two hundred instruments, 
connected together in regular order, each composed of ten double plates 
arranged in cells of porcelain, and containing in each plate tbirty-two 
square inches ; so that the whole number of double plates is 3,(H)0, and 
the whole surface 128,000 square incbee. This battery, when Lbe cells 
were filled with 60 parts of water mixed with one part of nitric acid, 
and one part of aulphurie acid, afforded a scries of brilliant und im. 
pressive effects. When pieces of charcoal abuut an inch long and one- 
sixth of an incli in diameter, were bvonght near each other (within the 
thirtieth or fortieth purt of an inch) a bright spark was produced, and 
tnore than half the volume of tbe charcoal became ignited to whiteDess, 
and by withdrawing the points from each other a constant discharge 
took place throngh the heated air, iu a space equal at least to four 
inches, producing a most brilliant ascending areb of light, broad, and 
conical io form in the middle. When any substance was introduced 
Into this arch, it instantly bccamo rgtiited ; platina melted as readily in 
it as wax in the flame of a common candle ; quart/, tbe sapphire, mag- 
niiiia, lime, all entered into fusion ; fragments of diamond, and point! 
of charcoal and plumbago, rapidly disappeared, and seemed to eviipo 
11 
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141. Dr. Werner Siemens was the first to employ (in 
184'?) gutta-percha as a means of insulating subterranean 
telegraph-wires. On the 18th of January, 1850, in a paper 
communicated to the Physical Society of Berlin, he stated 
that a subterranean wire covered with gutta-percha, and 
surrounded by the moisture of the earth, behaved like a 
colossal Leyden-jar. He also found that ordinary tele- 
graph-wires charged themselves, though in a much smaller 
degree than the subterranean wires. 

142. In 1838 Faraday predicted the retardation of the 
electric discharge by its own inductive action, (" Experi- 



rate in it, even when tbe connection vas made in a recelrer exbaustcd 
bj the air-pump ; but tbere was no evidence of tbcir baring preTiouslT 
undergone fusion. 

" When tbe cominonication between the points positively atid nega- 
tively eleotrified was made in air, rarefied in the receiver of the air- 
pump, the distance at which the discharge tooli place increased as the 
esbaustion was made, and when the atmosphere in the vessel supported 
only one-fourth of an inch of mcrcur)' in tbe barometrical gauge, the 
sparks passed through a space of nearly half an incb ; atid by witbdraw- 
iog the point.9 from each other, the discbarge was made through six 
or seTen inches, producing a most beautiful coruscation of purple light, 
tbe charcoal became intensely ignited, and some platina wire attached 
to it, fused with brilliant scintillations, and fell in large globules upon 
tbe plate of tbe pump. AU the phenomena of chemical decomposition 
were produced with intense rapidity by this combination, Wlien the 
points of charcoal were brought near oaob other in non-conducting fluids, 
Buch aa oils, ether, and oxymuriatie compounds, brilliant sparita occurred, 
and clastic matter was rapidly generated ; and such was the mtensity of 
the electricity, that sparks were produced, even in good imperfeot con- 
ductors, such as the nitric and sulphuric acids. 

" When the two conductors from the ends of the combination were 
connected with a Leydon-battery, one with the internal, the other with 
the external coating, the battery Instantly became charged, and on re- 
moring the wires, and making the proper connections, either a shock oi 
i spark could be perceived ; and the least possible time of contact «M 
■ufficieut to renew the charge to its full intensity," 
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mental Researches," 1333. "Faraday as a Discoverer." 
new edition, p. 89.) 

143. In 1864 B'araday experimented with cables &I 
the gutta-percha works of the Electric Telegraph Company. 
One hundred miles of gutta-percba covered wire were im- 
niersed in water, and a second hundred miles of a similar 
wire were placed in a dry tank. We will call the former 
the water wire, and the latter the air wire. 

144. Connecting one pole of a battery with the earth, 
and connecting the other pole with one of the two insu- 
lated ends of the water wire, on breaking the connection 
and touching the wire a powerful shock was received ; the 
discharge from the wire was also competent to ignite a 
Statham fuze. When, after having been in contact with 
the battery, the wire was separated and connected with 
a galvanometer, the instrument was powerfully affected. 

145. A rush of electricity into the wire was declared 
by the galvanometer when contact was made; a rush out 
of tlie wire was declared when the wire between tlie bat- 
tery and the galvanometer was connected with the earth. 
None of these effects were observed with the 100 miles of 
air wire, 

146. Faraday, like Werner Siemens, rightly explained 
the effect by likening the cable to an enormous Leyden- 
jar, the wire constituting the interior, the water the ex- 
terior coating, with the gutta-percha insulator between 
them. In fact, the surface of the wire in these experi- 
ments amounted to 8,300 square feet, while the surface of 
the outer coating of water was 33,000 square feet. To the 
charge and dtscliarge of this apparatus the effects observed 
were due. 

147. In a subterranean line of telegraph 1,500 miles 
long were placed three galvanometers : one, a, at the be- 
ginning of the wire ; a second, b, in the middle ; and a 
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third, c, at the end, which was also connected with tha 
earth. 

1 48. Connecting the battery witli the wire of the galva- 
nometer a, that instrument was instantly affected ; after 
a sensible time 6 was affected; and after a still longer 
time, c. It required, in fact, two seconds for the electric 
stream to reach the last instrument. 

149. All the instruments being deflected, when the 
battery was suddenly cut off at a, that instrument in- 
stantly fell to zero, b fell subsequently, and c after a still 
longer interval. 

150. By a brief touch of the battery-pole against a, 
that instrument was deflected, and could be allowed to 
fall back into its neutral condition before the electric 
power had reached b ; bin its turn would be affected, and 
left neutral before the power had reached c. 

161. In this case a wave of force was sent into the wire 
which gradually travelled along it, appearing in different 
parts of the wire at successive intervals of time. ^ 

152. It was even possible, by adjusted touches of 
the battery, to make several successive waves coexist in 
the wire. 

153. When, after making .ind breaking contact at a, 
that galvanometer was connected with the earth, part 
of the electricity sent into the wire returned, and de- 
flected a in the reverse direction ; here currents flowed 
in opposite directions out of both extremities of the wire. 

154. These effects of induction enabled Werner Sie- 
mens and Faraday to explain the widely-different veloci- 
ties assigned by different experimenters to the eleotrio 
current, 

165. To pass through any conductor electricity re- 
quires time, the time being directly proportional to th4 
Imffth of the conductor. 
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1 56. Bnt ID the case of a Bubmarme cabld nnother cause 
of retardation comes into pUiy, namely, the charging of 
the cable; the retardation here is proportional to th« 
gquare of the length of the cable. 

Arti^eU CabUs. 

15T. It was to illustrate points like these and to detci^ 
mine the dimensions to be given to the Atlantic cables, 
that Mr. Cromwell Varley devised his artificial cables. 

158. In one of these cables a resistance equal to that 
of a real cable 1 4,000 miles in length is obtained by intro- 
ducing into the path of the current feebly-conducting 
liquids instead of metallic wires. The inductive action 
is obtained by means of condensers of tin-foiL In another 
artificial cable coils of wire are employed to give the 
necessary resistance. 

159. The arrangement described in Note 81 is a con- 
denser. But those constructed by Mr. Varley are of 
enormously greater area, the condensing sheets being 
separated from each other not by plates of glass, but by 
thin sheets of paper and paraffine. The vastuess of the 
area and the proximity of the inducing surfaces combine 
to exalt the effect. 

100. When the condensers themselves are charged by 
a battery, on discharging them they exhibit phenomena 
similar to those of a Leyden-jar. The shock, spark, and 
other effects of friction al electricity, are readily obtained. 

161. A series of 50 condensers, for example, joined " in 
cascade," that is to say, with the outer coating of each 
joined to the inner coating of the next, when charged with 
a battery of 1,000 cells, yield powerful sparks, and defla- 
grate wires. 

162. If the wire be bent and introduced into a glass of 
water, the glass is shattered by the discharge. 
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103. In the 14,000-mile artificial cable are introduced 
a series of eleven tubes containing the resisting liquid. 
Into these dip wires. One end of the charging battery is 
connected with the earth, and the other end can, at will, 
be connected with the artificial cable. A series of ten 
galvanometers are placed between the resisting tnbea 
along the artificial cable. 

164, When no condensers are employed, on making 
connection with the battery all the galvanometers appeal 
to be simultaneously deflected. 

185. When the condenser is introduced between each 
pair of resisting cells— ten condensers in all — the current 
has to charge each condenser to a certain degree be- 
fore it can sensibly affect the galvanometer beyond the 
condenser. Hence, when the condeneers are attached, 
the action on the galvanometers is successive, not con- 
temporaneous. 

166. Mr. Varlcy supposed his 14,000-mile artificial 
cable divided into suctions representing stations in Lon- 
don, at Gibraltar, Malta, Suez, Aden, Bombay, Calcutta, 
Rangoon, Singapore, Java, and Australia, Supposing 
an actual cable laid, and galvanometers placed at these 
stations, the defiections obtained on establishing battery 
contact would be successive. They are represented by 
the defiections of the galvanometers associated with the 
artificial cable. 

167. By varying the resist,ance and the amount of in- 
ductive coo denser-surface, a representation of any other 
cable may readily be produced. 

168. Connected with the needle of each of the ten gal- 
vanometers is a reflecting mirror, from which a brilliant 
Bpot of light is cast upon a screen. When the cable is not 
m action, the ten spots form a row along the same ver- 
tical line ; when the battery contact is made, the succeasive 
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deflections of the galvanometers is declared by the buo 
oesglve motion of the spots. 

Sketch of Ohm's Theory and KoMrauacJCa Verification. 

169, I have already spoken (Note 110) of the force 
which urges forward the electric current (the electro- 
motive force). The amount of this force may be deduced 
fironi the action of tlie current, when opposed by different 
resistanceg, upon a freely-suspended magnetic needle. 

IJO, If the wire wliich carries the current be cut 
across, the current ceases to flow. The electricity ceases 
to be dynamic But at the two ends of the severed wiro 
we have static electricity. 

IVl. By suitable instruments the amount of this stati- 
cal chartfe may be determined ; it increases with the QUtn- 
ber of elements of the battery. 

172. It is, moreover, proportional to the strength of 
the current obtained when the wires are reunited. 

173. In this way the statical charge becomes a meas- 
ure of dynamical action ; electricity at rest is connected 
with electricity in motion. 

1 J4. In experiments on the electroscopic properties of 
the voltaic circuit it is necessary that the battery should 
be well insulated. 

175. If the middle point of a wire which connects the 
two poles of a voltaic battery be connected with the earth, 
the tension of that point is null. The circuit gradually 
rises in tension right and left to the two poles of the 
battery. But on one side of the point we have exclusive- 
ly poailive electricity, while at the other side we have ex- 
elosively negative electricity. 

1 76. At equal distances, at opposite aides of the zero- 
point, the tension is the same. 

177. Kany other point than the middle be connected 
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at the eartli, it becnrnes the serrKpoint, right sad left oi 
which as betore we have the two opposite electricitka. 

1 78. If the negative ead of the battery be connected 
with the earth, the whole wire ahowa positiTe electricity; it 
the positive end be coanected with the earth, the whola 
wire showa negative electricity. 

179. The wire offers a certain resistance to the pasa^e 
«rf the cnrr^nt. The battery itself is alao in the circuit, 
and the carrent has to overcome its resistance also. Bat 
the resistance of the battery may be expressed by a 
certain length of the external wire. When this ia done 
the sum of the lengths of both wires is called the reduced 
length of the circuit. 

1 80. Given the reduced length of the circnit and the 
electro-motive force, we can determine by a simple calcula- 
tion the electric tensjiou of every point in the circuit, 

181. The circuit through which the current dows may 
be represented by a horizontal line (called an abacissa) ; 
the electric tension at every ftoint of the circuit may be 
represented by a vertical line (called an ordinate). If 
ordinates be drawn to represent the electric tensions at a 
great number of points of the circuit, the line joining the 
emis of all the perpcmliculars will represent the distribu- 
tion of electric tension in the circuit. The ateepnea 
of this line also represents what Ohm catted the electric 

182. More «itrictly, tlie electric fall is the decrease in 
the length of the ordinate for the unit of length of the 
abaci sta. 

188. The total charge of the wire is expressed by the 
area of the triangle enclosed by the ordinate, abscissa, 
and lino of fall. 

Ifil. Tht! taws of the voltaic circnit as enunciated by 
Ohm, have been verified everywhere. The electroacopia 
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Btate of the circuit baa been examined by Kolilranseb, and 
foniid to be in strict accordance with Ohm's tlieory. 

185. Ohm assumed the passage of the electric fluid 
from one section to anotiier of the connecting wire to be 
due solely to the difference of electric tension between the 
two sections ; he further assumed the quantity of electri- 
city transmitted to be proportional to this difference of 
tension, and from these fundamental assumptions he de- 
duced the laws of the yoltaic circuit. 

186. These laws may be briefly stated thus : 

0!, The strength of the current is directly proportional 
to the electro-motive force, 

b. The strength of the current is inversely propor- 
tional to the resistance. 

c. If the wire which unites the two poles of battery be 
of the same material, and of the same thickness through- 
out, the " electric tall " is ihe same throughout the wire, 

<f. If the wire be of the same material, but of different 
thicknesses, the " fall " is steeper on the thin wire than on 
the thick. The " fall " is inversely proportional to the 
OTOBs-section of the wire. 

e. If the poles be connected by two wires of the same 
thickness, but of diflerent resisting powers, the electrio 
fall ia steepest on the more resisting wire. The " fall " ia 
directly proportional to the specific resistances of the 
wires. 

18?. In verifying these laws Kohlrausch employed a 
condenser to augment the feeble charges obtained from 
his voltaic cell, and he held this instrument to be essential 
By an exceedingly skilful device Sir Wm. Thomson hag 
rendered the condenser unnecessary, and has thus greatly 
■tmplifled the means of demonstration. 
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.^ectro^hemistrt/, — Chemical Actions in the Voltaic CeU: 
Origin of the Current. 

188. Philosophers suppose matter to be made of ele- 
mcBtary parts called atoms, which are practically indi- 
visible. 

189. The elementary atoms can be caused to unite to 
form compound atoms, which are called molecules, 

190. Thus water is formed of the combination of the 
atoms of oxygen and hydrogen ; common salt is formed of 
union of atoms of chlorine and sodium ; potash is formed 
by the union of the atoms of potassium and oxygen ; the 
snlpbaric acid also which we employed to acidulate our 
water is formed by the union of atoms of sulphur with 
atoms of oxygen. 

191. When, as in our first experiment, two strips of 
xitic and platinum are dipped into acidulated water, the 
zinc, as we know, exerts a very strong attraction on the 
oxygen of the water. When the strips are united this 
attraction triumphs ; the oxygen unites with the zinc, and 
a voltaic current is established. 

1 92. The oxide of zinc here formed combines with the 
sulphuric acid and forms sulphuric zinc. 

193. By tliis removal of the oxide from its surface the 
zinc is kept constantly clean, and thus enabled to attract 
other atoms of oxygen from the surrounding liquid. 
During this process the zinc gradually dissolves, and as 
long as this continues the electric current will flow. In 
&ct, it is the const ant dissolution of the zinc that main- 
tains the permanent current. 

104. The hydrogen of the water, as we have seen, 
escapes as a free gas from the surfaco of the platinum, 
which, unlike the zinc, is not dissolved. 

195, We are not yet quite clear as to the precise way 
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m which the electric cuiTent is supported by the solution 
of the zinc, but the following tacts aud Bpeculatioua ought 
lo be known to you, 

196. When two different metals are brought into con- 
tact, with no Uquid between them, one of them charges 
itself with positive and the other with negative electricity. 
We have here the famous " contact force " which Volta 
and his followers considered to be the urging power of the 
voltaic current. 

1 97. But the generation of heat, and the performance 
of mechanical work, by the mere contact of two metals, 
would be equivalent to a perpetual motion. It would be 
at variance with the law which requii'es for the production 
of any power an equivalent consumption of some other 
power. 

198. It is, however, a fact that when two different 
metab touch each other the positive electricity resorts by 
preference to one metal, and the negative electricity to 
the other ; the two electricities are as it were attracted 
differently by the two metals. 

199. This difference of attraction, however, only causes 
a momentary rearrangement of the two electricities, 
which pass, when the contact is made, into a new condi- 
tion of equilibrium. As long as the contact continues this 
equilibrium is not disturbed; there is no continuous cur- 
rent. 

200. We may regard the distinct atoms which enter 
into the molecules of a compound an charged in a similar 
manner. For example, the atoms of hydrogen and oxygen 
when they unite to form a molecule of water, may bo 
looked upon as charged like the two touching metals. 
This would be the case if the atoms, like the metals, pos- 
■eased different attractions for the two electricities, 

201. When strips of zinc and platinum are plunged 
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in Buch a liqaid, the positively-charged atom will torn 
toward the one metal, and the negatively-charged atom 
toward the other. 

202. But, unless the metala touch each other, electrical 
equilibrium immediately sets in, a constant state of electria 
tension being set up at the free ends of the two metals. 

203. The electricity at the ends may be permitted to 
flow into a condenser, and may be thus stored up ; such a 
condenser may thus be discharged through a covered wire 
which passes round a magnetic needle;, a deflection of the 
needle being thus produced. 

204. Thus in Davy's experiment with his large voltaio 
battery, wherewith he charged his battery of Leyden-jars, 
the latter, after having been charged, might be discliarged 
through a galvanometer, a magnetic deflection being thus 
produced. 

205. But the metals, once relieved of tbeir charge, 
would immediately reload themselves with electricity, and 
might be again employed to charge a Leyden battery, aad 
to produce a deflection of a magnetic needle. 

206. At no moment during this process the battery 
circuit would be complete ; still we should have a succes- 
sion of magnetic actions similar to those observed with a 
closed circuit. 

20'7. In fact, in the closed circuit the solution of the 
rinc inccRBantly removes the charged surface of that metal 
by dissolving it away, and enables the zinc to take a fresh 
charge ; an incessant effort, never fully satisfied, is made 
to establish electric equilibrium; the incessant renewal of 
the effort maintains the electric current. 

Chemical Actions at a Distance : ^Electrolysis. 

208. Thus, then, in the cell where the voltaic current 
u generated chemical action occurs. We have, on the one 




band, the decompoBition of the water, and on the other tha 
combination of the zinc with the oxygen and the sulphu- 
ric acid. 

206. But a voltaic current can alEo produce chemical 
action at a distance from its place of generation. ' This 
discovery, as stated iu Note 127, was made ic the year 
1800 by Nicholson and Carlisle. 

210. We cannot decompose water by a single voltaic 
cell ; but when two or more cells are united to form a 
battery, the current from such a battery, when sent 
through acidulated water, tears asunder the united atoms 
of oxygen and hydrogen. 

211. The oxygen is set free at the place where the 
current enters ; the hydrogen is set &ee at the place 
where the current quits the liquid. If the direction of the 
current be reversed, the oxygen and hydrogen instantly 
change places. 

212. It must be clearly borne in mind that the direc- 
tion of the current, as already defined, is the direction in 
which the positive electricity moves. Knowing, therefore, 
the places at which the oxygen and hydrogen are liber- 
ated, we can infer with certainty the direction of the cur- 
rent through the liquid. 

213. For every volume of oxygen liberated in the de- 
composition of water by a voltaic current, two volumes of 
hydrogen are set free. 

214. Electro-chemical decomposition is called electro- 
lyais / and the compound liquid decomposed by the elec- 
tric current is called an electrolyte, 

215. The electric current formed a powerful means of 
analysis in the famous experiments of Sir Humphry Davy 
in 1S07. 



216, By operating with the current upon ordinary 
potash, Davy found the base of this substance to be a 
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S19. Wlien the cnrmt is Mat tlmagh a aabtioB of 

IW^Iorineofthesalt^iaeonpaB^ vith the oxrgea of 
the water, appean vbere tbe eorrait catcfs th« liquid. 
TliB sodium of the salt, in company vith the hrdrogiMi of 
the water, appears where tbe cnirent quits tbe liquid. 

S20: Chlorine po^esaws powerful bleaching properties ; 
and if the soloticiu of salt be colored with indigo or Utaiaa, 
the preEenee of tbe chlorine is declared hj the destractioa 
cfthe color. 

S21. When a current is aenft throogh a solntioa of 
iodide of potaanom, the brown snbsta&oe iodine is set 
free whrae tbe cnrrent alters, while tbe metal potassinm 
is set free where the conent qntes tbe aolntioQ. Tbe ex- 
periment may be made by moistening bibtilous paper with 
the disftolved iodide. 

322. In electrolysis k is asasd to immerae two plat«s of 
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platinum, or of some other suitable sabatance, in the 
liquid to be decomposed, and to send the current from 
plate to plate. The plate at which the current enters the 
liquid is called the Positive Electrode, the plate at which 
the cuiTent quits the liquid IB called the Negative Eleo- 
trode. Without the liquid these electrodes would, as we 
have already learned, charge themselves with positive 
and negative electricity, 

223. But inasmuch as electricities which attract each 
other are of opposite qualities, the substance which is 
liberated at the positive electrode is called the Electro- 
Negative constituent, while the substance liberated at the 
negative electrode is called the Electro-Positive constitu- 
ent of the liquid, 

224. Thus, in the examples above given the oxygen, 
chlorine, and iodine, are the electro-negative elements ; the 
hydrogen, sodium, and potassium, being the electro-posi- 
tive elements. 

325. The terms electro-positive and electro-negative 
are, however, relative, for a substance may be electro- 
positive in one combination, and electro-negative in an- 
other. 

226. If an electric current be conducted through a 
solution of sulphate of soda, it separates the sulphuric acid 
from the soda ; the presence of the acid may be proved by 
its turning a vegetable color red. 

227. When nitrate of silver or acetate of lead is decom- 
posed by a voltaic current, crystals of silver, or of lead, 
are deposited on the negative electrode. 

228, The chemical actions of the electric current, soma 
examples of which are here given, constitute what is called 
Electro-oh omist ry , 

229, Electro-plating and gilding and the electrotype 
process are important applications of electro-chemistry. 
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Here a cbemical compound containing gold, silver, or 
copper, 18 decomposed by a voltaic current, the metal 
being deposited on the anrface intended to be coated 
with it. 

230. If the snrface on which the metal is deposited 
have a design engraved npon it, the lines of the engrav- 
ing are accnratelj filled by the metal which, when the 
deposit is thick enough, may be detached, a perfect copy 
of the design being thus obtained. 



231. The tangent-compose, devised by Weber, con- 
sists of a vertical ring of brass or copper, in the centre of 
which swings a small compass-needle. The ring being 
placed in the magaetic meridian, the needle is deflected 
when a current is sent round the ring. The strength of 
the current can be proved to be proportional to the tan- 
gent of the angle of deflection ; hence the name of the 
instrument. 

232. The voUameter is an instmment devised by Para- 
day to measure the strength of an electric current. It 
consists of a graduated tube which receives and measures 
the quantity of gas generated by the current in a given 



233. The strengths of a series of currents measured by 
the voltameter are accurately proportional to the same 
strengths measured by the tangent-compass. Placing a 
tangent-compass and a voltameter in the same series of 
circuits, the tangents of the angles observed in the one 
case are accurately proportional to the quantities of gas 
generated in the other. 



Mwisurea of the Electric Current. 



time. 
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Mee^c Polarization : J2itt0r''s Secondary Pile. 

234, When an electric current is sent through acidu* 
la ted water a film of oxygen covers the positive electrode, 
»ud a film of hydrogen covers the negative electrode. 
One of these two substances being eleotro-poaitive, and the 
other electro-negative, they act in the liquid like two dif- 
ferent metals ; the hydrogen plays the part of zinc, and 
the oxygen plays the part of platinum. 

235, Interrupting the primary battery circuit, and 
nniting together the two plates covered with their respec- 
tive films, an electric current is obtained, 

236, The direction of this current is from the hydro- 
gen film to the oxygen film in the liquid, and from the 
oxygen film to the hydrogen film through the connecting 
■wire. 

237, Two electrodes thus covered with condensed 
gaseous films are said to be polarized/ and the currents 
obtained from them are called currents of polarization. 

238, Now the battery current being always from 
oxygen to hydrogen (see Note 211), it is plain that the 
current of polarization is always opposite in direction to 
the battery current employed to polarize the electrodes. 

239, When a decomposition cell with platinum plates 
is introduced into a voltaic circuit, it is found that the 
battery current, though strong at starting, gradually 
fiiaks. This sinking is due to the gradual development 
of the antagonistic current of polarization. 

240, Also in the cells of the battery itself this current 
of polarization may come prejudicially into play. When 
two metals, say zinc and platinum, and one liquid, say 
«cididated water, are employed, the platinum plate is 
eoated with a film of hydrogen. 

241, This hydrogen, being electro-positive, resembles 

12 
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ft plate of zinc, so tliat when it ia present we bave, aa it 
were, zinc opposed to zinc in the battery. 

242. Were both plates actually of aine, we could have 
no current; and with the hydrogen film which approxi- 
mates to zinc we have only a feeble current. To get 
the full effect of the zinc and platinum some means mast 
be devised to remove from the platinum iia film of by 
drogen, 

243. This is effected in Grove's battery by the em- 
ployment of two Uquicls. The one is strong nitric acid, 
which contains the plate of platinum ; the other is dilute 
sulphuric acid, which contains the plate of zinc. The 
nitric acid is placed in a vessel of porous earthenware, 
which becomes saturated with the liquid and allows the 
current to pass through it. 

244. When the current passes, the hydrogen liberated 
at the platinum electrode in Grove's cell is instantly oxi- 
dized by the nitric acid, and prevented from fonoing a 
film upon the surface of the platinum, 

245. If instead of employing a single decomposition 
cell and a single pair of platinum electrodes, we employ a 
series of such cells, and send the same current through 
them all, we convert every pair of such plates into an ac- 
tive voltaic couple ; and if the number of such couples be 
great, effects of great intensity may be obtained. 

243. If instead of using decomposition cells we simply 
employ a series of plates of the same metal, say a series 
of half-crowns, separated from each other by pieces of 
bibulous paper or by bits of cloth wetted with acidulated 
water; on sending a voltaic current through such a pile 
of plates, we liberate on one of the surfaces of each plate 
a Him of oxygen, and on the other surface a film of hydro- 
g*^n. Tliese play the part of the two difiereut metals in 
the pile of Volta. 
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S47. The electromotive force of such a pile ma^ be far 
j^roater than that of the battery which charges it. It may 
produce a &r more brilliant Bpark, aad urge its cuirent 
against resistauceB which would be quite iueuperable to 
the original battery current. 

248. The discoverer of this form of pile was Ritter ; it 
is sometimes called ike secondary pHe^ to distinguish it 
from the batteiy which charges it. 

Faraday's Mectrolytic I/aw. 

240. When the self-same current is sent through a 
series of cells containing various compound liquids, the 
same amount of liquid is not decomposed in all cases. 

250. Let the current be sent in succession through a 
series of ceUs containing water, oxide of lead, chloride of 
lead, iodide of lead, and chloride of silver ; then taking 
them in the above order, the weights of the liquids de- 
composed are represented by the numbers 9, 111.6, 139, 
230.5, 143.6. 

251. The question now is, how are these weights of the 
respective substances divided between the two electrodes ? 
Supposing the numbers to express grains, we should have 
the following division between the electrodes : 

At thfl |)0«ltlve eleetroda. At Uw bflgaliTe ctectroda. 

Water 8 graiDS oijgen. ... 1. graio bjdrogeu. 

Oitde of lead. . . 8 " " 103.6 grains lead. 

Chloride of lead , 36.6 " chlorine... 103.0 " " 

Iodide of lead.. 127 " iodine 103.6 " " 

Chloride of BilTer S6.B " cWorioe... 108 " silTer. 

262. Now these numbers express the combining pro- 
portions of the respective substances ; by the electric 
current in all cases the law of combination as regards 
quantity is exactly inverted. The substances combine in 
«M|ulvalent proportions ; they are decomposed in precisely 
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the fame proportion b. This is the celebrated law of eleo- 
trolysis discovered by Faraday, 

253. In no ease ia the body of the electrolyte is any 
decomposition observed ; iu no case is any gas there liber- 
ated. The substaaces set free appear at the electrodes, 
and there alone. 

354. Taking water as an illustration, the process ia to 
be figured thus ; When the electrodes, charged with eleo- 
tricity from the battery, are plunged into the liquid, the 
oxygen atom of the water turns toward the positive, and 
the hydrogen atom toward the negative electrode, 

355, If the electro-motive force be strong enough, the 
oxygen is torn away from its hydrogen ; the free hydro- 
gen immediately converges its attraction on the next 
adjacent oxygen atom, and unites with it, dislodging at 
the same time the hydrogen with which that atom 
had been previously combined. Another atom of hydro- 
gen is thus liberated, which in iis turn decomposes the 
uy^^i^t water-molecule. Thus through the chain of 
molecules run a series of decompositions, followed by im- 
mediate recompositions, until the negative electrode is 
naohed. Here the hydrogea, having no further oxygen 
'with which to combine, is liberated as a gast. This is the 
theory ot Grotthuss, which at all events Siisij embraces 
the &ets, 

iVoWT* Jria Ewgt. 

350, The hardness of steel ia tempering; it is judged 
by ita color, which is due to a lilm at* oxide overspreadiag 
the steeL The oxide which forta» on the sar&ce of molten 
lead also shows vivid colors. 

3$7. These are the colors of Mm* pSaltt in TtaUg«U) d 
by XewlO* aad txpfauieil by Thorns Toong. 

Hy «lwtK>«hiHaical decompositioa Nobifi pro- 
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duccd Buch coloi-s in a very beautiful manner. Placing, 
for example, a polished steel plate in a dilate solution of 
acetute of lead, and connecting the plate witli tbe positive 
pole of a voltaic battery, on dipping the end of a wire 
connected with the negative pole into the Bolution, the 
peroxide of lead is liberated on the surface of the steel 
immediately under the wire ; and a film gradually dimin- 
ishing in thickness spreads from that point outward. 
Round this point we have a series of concentric circles 
showing Tivid iris colors. 

259. These colors, like all those of thin plates, depend 
npon the thickness of the film, which diminishes as the 
distance traversed by the current increases. 

(Da Bois-Reymond has shown that when the point 
from the negative end of the battery is very near the 
Bteol plate, tbe thickness of the film corresponding to the 
different circles is inversely proportional to the cubes of 
the 11- radii.) 

J}istribution of Meat in the Circuit. 

260. When the two ends of a voltaic battery are con- 
nected by a thick wire of good conducting material the 
wire is not sensibly heated ; the heat due to the oxidation 
of the zinc is in this case confined to the battery itself, 

261. But if the two ends of the battery be connected 
toy a wire that oflFers a resistance to the current, the wire 
IS heated, and may, if properly chosen, be raised to a 
white heat. 

262. Considering the battery as the hearth where the 
zinc is burnt, we might be led to infer that the heat due 
to the combustion of the zinc is liberated on the hearth 
itself^ and that its amount depends solely upon the quanti< 
ty of zinc consumed. 

263. This, however, is not the case. Let the battery, 
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with ita two ends united by a thick wire, be surrounded 
by a vessel of water, to which the heat developed by the 
oxidation say of an ounce of zinc is communicated ; the 
quantity of heat developed ia measured by the nse of 
temperature of the water. 

264. Let the battery, with its two ends united by the 
resisting wire, be placed in the same vessel, and let the 
heat generated in the battery by the oxidation of an otmce 
of zinc he again determined ; this heat will be less than 
that observed in the last experiment. 

265. If the connecting wire be now enclosed in a sepa- 
rate vessel, and if the heat generated in the wire be thus 
determined, on adding this amount of heat to that lib- 
erated in the battery, a total heat is obtained exactly 
equal to that generated in the battery alone, when the 
good conducting wire was employed. 

266. In fact, the absolute amount of heat generated by 
the oxidation of an ounce of zinc is perfectly constant ; 
but it may be distributed in various proportions between 
the battery and the external circuit. 

Jtekttion of Meal to Current and to Itesistance, 

267. On what does heat developed in a wire uniting 
the two ends of a voltaic battery depend ? 

S68. It depends, in the first place, on the strength of 
the current, but it is not simply proportional to that 
strength, 

269. Let the strengths of a series of cnrrents, deter- 
mined either by the tangent-compass or the voltameter, 
be represented by the numbers 1, 2, 3, 4, then the quanti- 
ties of beat developed in the same wire by these respec- 
tive currents are expressed by the numbers 1, 4, 9, 
and 16, 
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270. The l>eat generated is therefore proportional to 
the square oi the strength of the current. 

271. Preserving the strength of the ciirrent constant, 
the heat generated is proportional to the electrical re- 
iistance of the wire through which it passes. These im- 
portant principles were established by Joule, 

272. Thus if one of two equal cuiTcnts pass through a 
silver wire, and the other through a platinum wire of the 
same length and thickness, the heat generated in the 
platinum will be ten times that generated in the silver, 
because the resistance of the former is ten times that of 
the latter. To urge the current through the platinum in 
this case would, however, require greater battery-power 
than that necessary for the silver. 

273. Hence, when the same current in sent through a 
wire composed of alternate lengths of silver and platinum 
of equal thickness, the platinum spaces may be raised to 
a white heat, while the silver is not raised to the faintest 
glow. 

Magneto-Electricity: Induced Currents. 

274. In a conductor near to, but not in contact with a 
voltaic circnit, a current is aroused when the circuit is 
established. When the circuit ia interrupted a current ia 
also aroused in the conductor. 

275. Thus, supposing the voltaic circuit to be bent 
into the shape of a ring ; and that a second ring, not in 
the circuit, is placed near the first : at the completion, and 
at the interruption of the circuit, a current will run round 
the second ring. 

276. The two currents in the second ring are called 
tecondcery currents. They are of momentary duration. 
They impart, in passing, a shock to a magnetic needle 
round which they are sent, and by the motion of which 
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their ezistenoe is demonstrated. But thtiy vanisli inime- 
diatelj, being quenched by the resUtance of the ring and 
converted into beat. 

277. These two momentary ourrentB flow in opposite 
directions through the ring. The secondaiy ourrent, ex- 
cited on making the circuit, is opposed in direction to the 
primary exciting current ; that started on interrupting 
the circuit flows in the same direction as the primary. 

278. The§e secondary currents are called induced eur^ 
rents. They were discovered by Faraday in 1830, and 
described by him in his Philosophical papers for 1831. 

279. If, instead of employing a single ring, we make 
use of an electro-m^netic helix, every coil of the helix 
will furnish its quota of current, and the sum total of efleot 
is much greater than when only a single ring or coil is 
employed, 

For the following experiments, two flat spirals, each 
formed of covered copper wire, are used. 

280. One of the spirals is laid flat upon a table, its two 
ends being connected with a galvanometer; the other 
spiral is connected with a voltaic battery, vrith which the 
connection can be established or broken at pleasure. Let 
us call this the inducing primary spiral, and that con- 
nected with the galvanometer the secondary or induced 
epiraL 

281. Laying one spiral npou the other, on sending a 
current through the primary, the needle of the galva- 
Dometer is suddenly driven aside by the current induced 
in the secondary ; but the force which acts upon the needle 
passes away in an instant, the needle returning to its first 
position. 

282. On intemipting the current the needle also re- 
ceives a shock, being deflected in the opposite direction. 
It thus declares the existence of a second temporary coi^ 
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lent in the secondary spirsL The directions of tliese tiro 
cuirentfl, with reference to that of the primary, hare been 
already indicated ; Note 277. 

S83. Holding the ««condary spiral at a distance from 
the primary with the cnrrent flowing throtigh the latter ; 
on CMOsing the secondary spiral fo approach the primary, 
a current is aroased ; this cnrrent ceas« the moment the 
motion toward the primary ceases. 

284. On withdraving the secondary spiral from th» 
primary, a cnrrent is also aroosed ; this curreiit ;i1bo ceases 
the moment the motion of withdrawal ends. 

285. The current excited by approach is opposed in 
direction to the primary ; the cnrrent excited by with- 
drawal is in the same direction as the primary. 

286. Two electric currents flowing in the same direc- 
tion attract each other ; if they flow in opposite directions 
they repel each other. 

287. Hence, to make the secondary spiral approach ita 
primary, we hare to overcome a repuUion ; while to with- 
draw the secondary from the primary we hare to over- 
come an attraclvm. Thus in order to produce these in- 
duced currents tee musl expend mechanical foroe, 

288. The force tbos expended appears as heat in the 
•econdary wire after the cessation of the induced cnrrent. 
It is the mechanical equivalent of that heat. 

289. The approach of a magnetic pole to the second- 
ary spiral and the withdrawal of the pole from the same 
spiral also arouse induced currents. But, as before, it is 
only during the periods of approach and withdrawal that 
the current appears. 

290. Thos by the mere motion of a magnet, and with- 
out any battery or machine, electric currents may be 
produced. 

291. Every change of the magnetic condition of the 
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space near a Becondary coil, or within it, produces an ia- 
duced cnrrent in the coil. If the change be an aagmenta- 
tion of magnetism, the current is in one direotion ; if it be 
a diminution of magDetism, the current is in the opposite 
direction. 

292. When a long secondary coil surrounds a primary 
coil with a core of iron, by breaking and making the cir- 
cuit of the primary in rapid succession, a series of power- 
ful discharges may be obtained. An automatic apparatus 
is usually employed to make and break the circuit. 

293. Such Induction Coils have been constructed with 
great skill by Eubmkorif, and are, therefore, sometimes 
called Ruhmkorff's coils. Mr, Apps has recently produced 
induction coils of astonishing power, 

294. The power of a coil depends mainly on the per- 
fection of the iBsulation of its coils. The induced cur- 
rents in a Ruhmkorff's coil may possess thousands of 
times the electro-motive force of the primary which ex- 
cites them. They are able, for example, to overleap as 
sparks, distances thousands of times greater than that 
possible to the primary. 



Mdation of Induced CurrenU to the Lines of Magnetic 
Force. Rotatory Magnetism, 

295. The foregoing phenomena and principles were all 
laid bare by Faraday. He also established most important 
relations between his induced currents and the lines of 
force surrounding a magnet. See Note 25. 

296. He proved that when a conductor moves along 
the lines of force no induced currents appear ■ but that 
when it moves across the lines of force such currents are 
generated. 

297 He proved, for example, that when a metal disk 
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ifl caused to rotate so ae to he tangent to the lines of 
force, no current appears ; ^hile when the disk, in its rota- 
tion, cuts the lines of force, currents flow along the diHk, 
irom the centre to the cii-cumference and from the ciroum- 
ference to the centre. Closed circuits are thus established 
in the disk. 

298. This, in fact, is the " Magnetism of Rotation," 
discovered by Arago in 1 820, which reoeired oompletB 
explanation at the hands of Faraday. 

299. Faraday showed that the lines of force of terres- 
trial magnetism saffice to produce induced currents when 
they are intersected by the rotating disk. In fact, all the 
effects of magneto-etectric induction may he obtained 
from the magnetism of the earth. 

300. When a conductor rotates round an axis which 
is parallel to the lines of force, it experiences simply the 
resistance due to the friction of the air ; but if the axis 
of rotation be transverae to the lines of force, the rotation 
is retarded by the interaction of the magnet and the in- 
duced currents. 

301. This retardation may become so powerful as in- 
stantly to arrest the rotation. If, for example, a cube or 
sphere of copper suspended from a twisted string be 
caused to spin, by untwisting, between the poles of an un- 
exoited electro-magnet, it experiences the retardation 
due to air friction only ; but on the supervention of the 
magnetic force the rotation is suddenly arrested. Fara- 
day also showed that in passing a plate of copper rapidly 
to and fro between the magnetic poles you seem to be 
cutting cheese, though nothing is visible. It is as if pnra 
epace were a kind of solid, 

302. If by mechanical means the conductor be com- 
pelled to rotate or to move to and fro between the excited 
poles, it will be heated. Joule first demonstrated this 
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but a very striking demonstration of it wfts given by 
Foiica\ilt, who heated his celebrated gyroscope in tins 
way. The heat ia readily rendered sufficiently intense to 
melt fusible metal Between the unexcited poles no effect 
of this kind is produced. 

303. The repulsion set up by induced currenta be- 
tween the helices and the moving masses of iron in an 
electro-magnetic engine, would of itself limit the practi- 
cal application of electricity as a motive power. Never- 
theless, though such engines speedily reach the limit of 
their action, the conversion of molecular force into me- 
chanical effect may be rendered far more perfect than in 
the case of the steam-engine. 

The Extror Current. 

304. If the secondary coil of a Ruhmkorff's machine 
have its ends united, the secondary circuit being then 
complete, the spark obtained in breaking the primary ia 
small. On sepamting the two ends of the secondary the 
primary spark is instantly augmented. 

305. The diminution of the spark is due to the reac- 
tion of the completed secondary circuit upon the primary. 
When the secondary circuit is interrupted this reaction 
oeases. 

308. The primary circuit in its turn can, when com- 
plete, react npon the secondary. It is complete when- 
ever contact is made by the automatic contact-breaker. 
A great enfeeblcmcsnt of the secondary current is the 
consequence. When the primary circuit is interrupted 
the reaction does not exist ; there is no enfecblemeiit, 
the full power of the secondary being developed. It is 
on this account that ia Ruhmkorff's coil we obtain dis- 
charges in a single direction only, instead of discharges 
alternating in direction. 
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307. Tlie reaction here referred to connects itself with 
irliat is called the extra-current. 

308. When a current is sent through a single primary 
coil, the primary current excites in the wire which carriea 
it, a secondary current opposed in direction to the primary. 
The primary arouses an antagonist in its own path, which, 
however, immediately disappears. 

309. When the primary circuit is broken, a secondary 
current of momentary duration, and having the same 
direction as the vanishing primary, is evoked in tha 
coil, 

310. Each of the two currents evoked in the primary 
circuit itself, at the commencement and at the cessation 
of the primary current, has been called by Faraday an 
^ra-current. 

311. The spark obtained on breaking the primary cir- 
cuit is augmented in brilliancy and power by the extra- 
current. 

312. If a second circuit be associated with the primary; 
if, for example, two covered wires are wound round the 
same reel ; on making one of them a primary circuit we 
have the brilliant spark due to the eitra-current, as long 
as the ends of the second coil remain unconnected. 

313. But the moment they are connected the extra- 
current in the primary circuit disappears ; there is an in- 
stant reduction in the brilliancy of the spark. 

314. This is an example of the reaction referred to in 
Note 304. By the closing of the secondary circuit the 
extra-Gurrent is formed in it instead of in the primary ono. 
Here, in fact, the extra-current becomes an ordinary in- 
duced current ; it is only so long as it remains in tha 
primary circuit that its distinctive name is applied to it. 
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Iitfiuence of Time on Ijitensity of DUcharge, The 
Gondemer, 

315. The intensity of the secondary onrrent — its "dit» 
charging distance," for example — depends upon the rfr 
pidity with which the primary is interrupted, 

316. I have already referred to the passage of particles 
between the two severed terminals of a circuit. By these 
particles the current may be kept up for a short time after 
the terminals have been disunited. A graduai dying away 
of the primary is the consequence. 

31V. But to produce the maximum secondary intensity 
it is necessary that the primary should be extinguished at 
once. 

318. This is very effectually accomplished if the pri> 
mary be broken between the poles of a strong magnet. 
The secondary spark may be thus made to overleap dis- 
tances, vast in comparison with those possible to it when 
the rupture of contact occurs far away from the magnetic 
poles. 

319. The magnet quenches immediately the stream of 
particles which accompany the spark. Thus, instead of 
being spread over a very sensible interval, the whole 
power of the primary is concentrated into an instant of 
time. 

320. This concentration is announced by the loudness 
of the report of the primary spark. This augmentation 
of loudness was first observed by Page ; it was explained 
by Rijke, who also exalted in the way here indicated the 
discharge of the secondary coiL 

321. The injurious effect of the spark produced by tha 
rapture of contact in Rahmkorff*s coil is much diminished 
by the employment of a condenser, which is attached to 
tlie primary. It was introduced by Fizeaiu 
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Mectric Discharge through Marefied Gases and Vapors, 

322. The eleetricity from the prime conductor of an 
electrical machine passes through the air in the form of a 
dense aud IsrilliaDt spark, which produces a very audible 
report. 

323. When the diacharge passes through rarefied air 
the discharging distance is augmented, and by sufficiently 
rarefying the air the discharge may be caused to pass 
silently. It then fills the tube through which it passes 
with a rosy light, 

324. This rosy light has the same origin as that of 
the Aurora Borealia ; it is due to the nitrogen of the air. 

325. Every attenuated gas has its own characteristic 
color when traversed by the electric discharge. When 
examined by a prism the color resolves itself into distinct 
bands j the nature of the gas may, indeed, be inferred from 
the analysis of its spectrum. 

326. The discharge of the induction coil through at- 
tenuated media produces luminous effects similar to those 
produced by the electric machine. 

327. The tubes containing the attenuated gases or va- 
pors are usually called vacuum tubes. Through the tubes 
pass platinum wires which are fused into the glass, and 
between which the discharge passes. 

328. Such tubes are produced in great perfection hy 
Gkissler, of Bonn, and are sometimes called Geissler's 
tubes. 

320. Under certain circumstances, the luminous dia* 
charge is composed of distinct luminous strata separated 
from each other by dark intervals transverae to the direo- 
lion of the discharge. These strata were first observed 
by Grove ; they were observed independently and finely 
developed by Ruhmkorff, 
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330. The luminouB strata were believed to arise from 
tbe interDaittent action of the contact-breaker of the in- 
duotion coiL ; but Gassiot produced them both with tbe 
electric machine, and with bis battery^ of 3,500 cells, where 
no contact-breaker is employed. 

331. Every single discharge of the induction coil 
through a properly-chosen medium resolves itself into a 
series of pulses, which declare themselves as a stratified 
diecharge. Under similar circumstances the discbarge 
from the voltaic battery also is resolved into a series of 
pulses which are declared by their stratifications. 

Action of Magnets on the Luminous Discharge. 

332. The Inminoas discharge is to all intents and pur- 
poses an electric current, and is acted on by a magnet lite 
a wire carrying a current. 

333. But the flexibility of the Inminona current in 
rarefied gases enables the magnet to act upon it in & man- 
ner peculiarly interesting and instructive, 

334. Placing, for example, a tube through which the 
luminous discharge is passing between the poles of an 
electro-magnet, by exciting the magnet the stream of 
light may be either deflected or wholly extinguished. 

335. In the latter case, by interrupting the current 
passing round the magnet, or by lifting the tube out of 
the magnetic field, the luminous discharge is restored. 

336. In certain cases, when the luminous discharge 
oonsUta simply of a feeble glow, the supervention of the 
magnetic force draws a series of strongly-illuminated 
strata from the positive terminal of the vacuum-tnbe ; 
when the magnetism is interrupted, these strata retreat 
again in succession, as if swallowed up by the positive 
pole. A number of exceedingly beautiful experiments of 
this character has been made by Gassiot, 
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33^. It has been stated Id Xote 30Q that the dis- 
otiargee from the induction coil proceed always in the 
same direction ; hence, in each Tacuum-tnbe we have a 
positive terminal or pole, and a negative terminal or 
pole. 

338. When the light surrounding the negative ter- 
minal is subjected to a magnet, it ranges itself exactly 
along the lines of magnetic force ; the light at the posi- 
tive terminal shows no such action. This discovery is due 

to Plflcker. 

» 

Magneto-electriG Machines, Saxtori's Machine, Stemena't 
Armaiure. 

339. Faraday's discovery ot' Magneto-electricity was 
announced in 1831. In 1833a machine was constructed 
by Saxton for the more copious development of magneto- 
electric currents. 

340. In it copper-wire coils, within which were placed 
cores of iron, were caused to rotate before the poles of a 
powerful magnet. 

341. On the approach of a coil to one of the poles of 
the magnet, a powerful current, whose direction depended 
oil the nature of the pole, was induced in the coil. When 
the coil retreated from the magnetic pole, a current in the 
opposite direction was induced. This production of op- 
posite currents by approach and withdrawal has been 
already referred to in Notes 283, 284. 

342. By means of an instrument called a commutator, 
which reversed one of the induced currents at the proper 
moment, the opposite currents were caused to flow in the 
same direction. 

343. The cores of soft iron and their associated coils 
constitute what is called an armature. In Saxton's arma- 
iure the coils were wound transversely to the iron core*. 

13 
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" 344, Bat by winding bis coila lonffiiudinaUt/, or parallel 

to tlio axis of the core, and placing the armature bo formed 
between the poles of a series of horseshoe magnets, Siemens 
obtained magneto-electric currents much more powerful 
tban those of Sancton. 

m WUd^i Machine. ^| 

Things were in this state when, in 1866, Wilde made 
an important addition to our knowledge of magneto- 
electricity, 

346. He conducted the current obtained by means of 
Siemcns's armature round an electro-magnet, and found 
that the magnetism thus excited was far greater than 
that of the entire series of steel magnets employed to 
gvnorate the magneto-electric current. 

346. Thus, in one case, he found that whereas the 
series of jiemianent magnets taken collectively was com* 
potent to aup|x>rt a weiglit of 40 lbs. only, the electro- 
ttkagnet wliieli they esciled sustained a weight of 1,088 lbs. 

347, To produce this effect, however, it was necessary 
th.it the armature of the magneto-electric machine should 
rot«te with great mpidity. 

34!?. But Wilde weot farther. Forming his electro- 
Rtjuriiet fVoiu a luge plate of iron, and placing between its 
long piiK'S a oorresjHtndingly long armatttre, similar in 
ami tVHsiruotxua to thai of the magneto-electric 
n)achi»t\ he obtained from this eeoond annature cnrrentB 
itf Mionnottiij gTMter po««r than those obtumable from 

TlK«« cun«ats oonldiB Acir tanibe sentronnda 
MM«mI «)ti>«lr<><magwt« fotmied a lufer pbte of iron, 
TltmUMl with a tvX«Ui^ amature, tMs mtenmA dectro- 
iiMkStM* |iT\Hitt«>jsl (ftett p iwiwr -ly unknovn. Bods c£ 
tivw « i^wuVir «.«f an inch ut t)uck»ess w«z« fused by Hbm 
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enrrentB, and they were alao found competent, when dis- 
charged between carbon terminala, to produce a light of 
intolerable brilliancy. 

Siemens^ s and IVheatstone's J^acMne, 

350. The next great step in magneto-electricity waa 
made simultaneouBly by Dr. Werner Siemens and Sir 
Charles Wheatstone. 

351. Expressed generally, this discovery consists iu 
exalting, by means of its own action, to a high pitch of 
intensity an infinitesima] amount of magnetism. 

352. Conceive an electro- magnetic core with a very 
small amotmt of residual magnetism, which is never wholly 
absent when iron has been once magnetized. Let a seo- 
ondary coil, with cores of soft iron, rotate before the poles 
of such a magnet. Exceedingly feeble induced currents 
will circulate in the secondary coil. Let these induced 
currents, instead of being carried away, be sent round the 
electro-magnet which produced them ; its magnetism will 
be thereby exalted. It is then in a condition to produce 
still stronger currents. These also being sent round the 
magnet, raise its magnetism still higher ; a more copious 
production of induced currents being the consequence. 
Thus by a series of interactions between the electro-magnet 
and the secondary helix, each in turn exalting the other, 
the electro-magnet is raised from a state of almost perfect 
neutrality to one of intense magnetization. 

353. When the magnet has been raised to this con- 
dition, other coils than those employed to magnetize it 
may be caused to rotate before, or between, its poles ; the 
currents from these coils may be carried away and made 
use o^ for magnetization, for chemical decomposition, or 
for the electric light. 

354. The first magneto-electric machine used tT pi-o- 
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dacfi • Wf^ht sufficiently intense for light-honsea was con- 
•trarst^d hy Mr. Holmes. In it pemianent steel magaets 
And rotating helices were employed. Mr. Holmea baa 
iBtf-ly fiftnsitnicted » very powerful machine on the prin- 
cipte cut Biemena and Wheatstone. 

Induced Gurrenlt of the Leyden-Battery. 

S66, If a Tjeyden jar, or battery, be discharged through 
• primary Bpiral, it evokea a current in a secondary spiral. 
With « strong dharge this secondary current maybe caused 
to dffliigrfttf! a foot of thin platiuum wire, 

Hfid. If thd current from the secondary spiral be le4 
round n third Hpiral which faces a fourth ; on diacbarging 
thp tmtlcry tttrough the primary spiral, the secondary in 

third spiral nets the part of a primary, and evokes in 
tlu> fourth Rpirnl a tertiary current, 

an7. Witli another pair of spurals thia tertiary current 
fin ho mntle to generate a current of the fourth order ; 
thtN ngntti, with another pair of spirals, a current of the 
^fik wryWr, Alt these currents can impart shocks, ignite 
gUH|ioA'dvr, \\x dvtlagnttu wires. 

Ftvr the iuYMiHtration of the Induced Cuirents of the 
t.»>]r>leu-U»ttery w»' *rx> indebted to Prot Joseph Henry, 
l>ir»H»toir »>f the 8nulhsvmiau lustittttion, and to Prot Rieaa, 
•f Uertin. 

to 
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of their close kinship with ourselves. A frt^h li<:ld of study was thus opened 
up, embracing the likenesses and diffi^rences at action as well as structure found 
throughout the animil kingdom. In tHis work Frofesfor Le Conte give** us, 
in his well-known clear and simple style and with the aid of nuitierdus illustra- 
Qons, interesting outline of these ^milarities and variations of function aj 
^splayed among the varioui dasia of animsll from the lowcK to the highest, 
man included. 

Religion and Science. 

A Scries of Sunday Lectures on the Relation of Natural and 
Revealed Religion, or the Truths revealed in Nature and Scripture, 
tzmo. Cloth, ^I.jo. 

Elements of Geology. 

A Text-Btrok for Colleges and for tlie General Reader. With 
new Plates, ncvr lOustrations, new Matter, fiilly revised to tlate. 
8vo, Cloth, ^4,00. 

Sight. 

An Exposition of the Principles of Monociilar and Binocular 
Vision. With Illustrations. Second edition. No. 31, inter- 
^lational Scientific Series, t ztno. Cloth, ^1.50. 

Evolution and its Relation to Religious Thought. 

Revised editjon. izmo. Cloth, ^1,50. 
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New Edition of Professor Huxlevs Essays. 



Collected Essays. 

By Thomas H. Huxley. New complete 
edition, with revisions, the Essays being 
grouped according to general subject. In 
nine volumes, a new Introduction accom- 
panying each volume. i2mo. Cloth, j 1. 25 
per volume. 

Vol. 

I. Methods and Results. 
II, Darwiniana. 

III. Science and Education. 

IV. Science and Hebrew Tradition. 
V. Science and Christian Tradition, 

VI. Hume, 

VII. Man's Place in Nature. 
VIII. Discourses, Biolo^cal and Geological. 
IX. Evolution and Ethics, and Other Essajrs. 

" Mr. Huxley has covered a vast variety of topics during 
the last quarter of a century. It gives one an agreeable surprise 
to look over the tables of contents and note the immense territory 
which he has explored. To read these books carefully and 
Itudiously is to Viccomc thoroughly acquainted with the most 
advanced thought on a large number of topics." — New Tvrk 
Htrald. 
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HUXLEY'S MISCELLANEOUS WORKS. 



"Thomtts Henry Huxley was, next to Charles Darwin, the most 
prominent representative of English science. He delivered us froin 
the archelypal philosophy of Richard Owen, which in the '50s reigned 
supreme and formed an artilicial barrier in the way of biology ; he 
cleared away the fogs that beclouded the Darwinian theory, and inci- 
dentally he showed that this theory was not inconsistent with teleology ; 
■while to the last he exposed the gap in its argument due to the absence 
of proof that varieties become mutually infertile. All along the way 
his tracks are marked by pregnant observations, far-reaching generali- 
zations and hypotheses, and by the dissipation of errors," — Fretbyttrian 
and Rtfsrmtd Review. 

The Crayfish: An Introduction to the Study of 
Zoology. With 82 Illustrations. (InternatioQal 
Scientific Series.) 1 21110. Cloth, $1.75. 

Manual of the Anatomy of Vertebrated Animals. 

Illustrated. i2mo. Cloth, $2.50. 

Manual of the Anatomy of In7ertebrated Animals. 

Illustrated. i2mo. Cloth, $2.50. 
Physiography : An Introduction to the Study of 
Nature, With Illustrations and Colored Plates, 
lamo. Cloth, $2,50. 

The Origrin of Species; or, The Causes of the 
Phenomena of Nature. i2mo. Cloth, $i.oo, 

American Addresses ; with a Lecture on the Study 
of Biology, israo. Cloth, Si.25- 

Essays upon some Controverted Questions. 1 2nio. 
Cloth, 32.00. 

Lay Sermons. i2mo. Cloth, $1.75. 

Life cod Letters of Thomas Henr^ Huxley. By his Son, 
Lbokakd Huxley. Illustrated. 2 vols, Svo. Cloth, $5.00 net. 
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Life and Letters of Thomas Henry 
Huxley. 

By his Son, Leonard Huxley. In two volumes. 
Illustrated. 8vo. Cloth, $5.00 net. 

"This very complete re vela don of the character and work d 
i man who muse be regarded u one of the forces which gave 
character to the nineteenth centuiy will be welcomed by a fir 
wider circle of readers than that which i* interested in Huxley'* 
itricdy scientific re«earchei, , . , These two richly interciting 
volumes arc sure to be widely read." — London Timts. 

" It ' goes without saying ' what precious freight was carried 
by Huxky's letters. . . . These two delightful volumes." — 
London chronicle, 

" Huxley's life was so fiill, so icdve, so many-sided, in touch 
with such a number of interesting people, that this work appeals 
to all sorts and conditions of men. . . . An admirably written 
biograph y . " — Londoa Standard. 

" His letters are a self-revelation of the man, his work. Ma 
ambitions, hif trials, his views of religion, his philosophy, hit 
public acdvity and domestic happmets. . . . Whoso reads these 
volumes will feel that he tnows better a man worth knowing, 
and the number who will read them will be great." — London 
Telegraph. 

" Huxley** career make» a wotiderfiil story." — Lonitm 
Mail, 

" Mr. Leonard Huxley has pyen the world many extremely 
raluable and interesting letters, all characteristic, and he has con- 
nected them by a well-written consecudve narradve which ii 
tuffident to weave them together." — London News. 
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SPENCER'S SYNTHETIC PHILOSOPHY. 

l2mo, dotbf $2,00 per volume. 



NEJP' EDITION OF 

First Principles. 

By Herbert Spencer. New and revised (sixth) edition of tlie 
first volume of the audior's Synthetic Philosophy. 

This fundamental and most important work has heen changed in 
substance and in form to a considerable extent, and largely rewritten 
and wholly reset. It is now forty years since the author began the 
" First Principles," and its presentalion in this definitive form, with 
the author's last revisions, is an event of peculiar interest and conse- 
quence. While experience has not caused him lo recede from the gen- 
eral principles set forth, he has made some important changes in the sub- 
stance and form. His amendments of matter and manner are now final. 

The contents of the several volumes of the series are as follows : 
I. First Principles, I. The Unknowable. II. The Knowable, 
s. The Principles of Biology. Vol. i. I. The Data of Biology. 

II. The Inductions of Biology. III. The Evolution of Life. 
3- The Principles of Biology. Vol. t. IV. Morphological Devel- 
opment. V. Physiolc^ical Development, VI. Laws of Mul- 
tiplication. 

4, The Principles of Psychology. Vol. 1. I. The Data of 

Psychology. II, The Inductions of Psychology. III. General 
Synthesis. IV, Special Synthesis. V. Physical Synthesis. 

5, The Principles of Psychology. Vol. 2. VI. Special Analysis, 

VII, General Analysis. VIII. Congruities, IX. Corollaries. 

6, The Principles of Sociology, Vol. i, I. The Data of Soci- 

oWy, II, The Inductions of Sociology. III. The Domestic 
Relations, 

7, The Principles of Sociology, Vol. 2, IV, Ceremonial Insti- 

tutions, V. Political Institutions. 

8, The Principles of Sociology. Vol. 3. VI. Ecclesiastical In- 

stitutions. VII. Professional Institutions. Vlll. Industrial 
Institutions. 

9, The Principles of Ethics, Vol. r. I. The Data of Ethics. 

II, The Inductions of Ethics. Ill, The Ethics of Individual 
Life, 

10. The Principles of Ethics, Vol, %. IV. The Ethics of Social 
Life ; Justice. V The Ethics of .Social Life : Negative BeneS- 
cencc. VI, The Ethics of Social Life ; Positive Beneficence. 
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SPENCER^S MISCELLANEOUS WORKS. 



Social Statics. 

New and revised edition, including The Man versus The State." 
A series of es^ys on poliucal tendencies, heretofore published ^ep- 
aiately. i3mo, 430 pages. Cloth, $2.00- 

^^Mr. Spencer h.i^ [horotighly studied the Lisufi which are behind iheiocldl pnd 
polLtical life of DLir ow^n limcT n>QE exactly ih>o&e issues which arc dlicubpd In Pnrllii- 
mcnt or 10 Congre&s^ but the principli>t^& of atl tnodcrn jiovcrnmbnt, wliich pre flowty 
chan^ng in rcsp&iiie to the bruader itidusirial and u<M(crr:i9 drveluiim^ni al huiTiim 
experience^ One will obiam tm sug^esEionf out of btiok fcr ^tiid^nK a polhlLal 
party or Carrying a point in economics,, but he will find line principleii of fti>ciulu|cy» 
as they pertam to the whclc of life^ Lictitrr stated in thefe p^Ktih ihan he can find thtm 
expressed anywhere else. It Is in thisf sense that thl^ work \% importzinf and freih 
and vttatlizing. U g{>tas iconstantly to the foundation of thinfii,"— ifiJ*/tf# Htratd, 



Facts and Comments, 

Uniform ediuoa. i2mo. Cloth^ Dct ; pos^tagc, 13 cents addn 

tionaL 

FTom the anaJytical fanin of a philofophcrof the Kreatnw of Herberi Spenctr— 

a greatness that hu rjtteiriclied ovei mt^rc th^n two genrrationA — the cubjerta irrMTt!^ 
in tht&, hi& last voiume, ;i,ssunie a ccininandthii! impc<nante, Surh (i^pli^ Anicrl* 
canisrns^** "Prtseticeof Mtnd," " I he C'^rriiiJti«>n of ^*u*u',"_** 'I'lir OnKin miU Ue- 
vetopment of Muslc^" "* Kstimatn of Men,' '*^iat<r Fc^uciaiiun*" arc invntvd 
with a lite and ^lualhy only po»ib<e under bic uitbuiattnif tnntnent. 

Various Frag^ments. 

i2mo. Cloth, 

Along with a CDtuidenble variety taf other matier, these *" Frajcmetilt " Include a 
number of replies to cricicliini, aiiiong which will \vk fr/und vtmv al the best •p^l- 
meai of Mr. bpew^er'i eontrovenial wriiiogv notably his tetter to the l^^ndun Atht- 
mrum on Professor Hualey'i faioou> addrrt* on Kvoluiibtur)- Kthicv Hit vj^-wt on 
copyright, tiaiiuoaJ and international " Social Kvolution ^nd SociaJ Uuly," ^wl 
" AnEJo-AiDeTicsin Arbitration," also form a fart trf the contents. 

Education : Intellectual, Moral, and Physical. 

i2mo. CJoth, $1.25 ; paper, 50 cent*. 
CajmtwT^.— What Knowledge is of mem Wonb ? IntellectajJ Educati^. Moral 
Edgcalloii. Physkal Educuioi), 

The Study of Sociology. 

(The fifth ▼olmne in the Inumatkiiul Scienti&c Scitet,! laao. 
doth. 1 1.50. 

Convm.— Oiif Nsd of h. I« there s Socbl ScW*? Kam a( At tmeitl 
SdcBcc DiScnldaadlKSscialSdcMX. Ofc^eow JNSciiWct S«t^iiBc<i** !>»• 
otlws, IsecUecOBL Srt » gi » « OMfeidcia, Eatodoat. The EdooiiMBl Mm, 
TW Biai al PairiadsaL Oav Kaa. tht Pafilial Bb*. The Tlxatogteu 
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PIONEERS OF CEIEATIVE THOUGHT* 



Pioneers of Science in America. 

Sketches of iMr Lives and ScUniijk Work, Edited and 
revised by William Jay Youmans, M. D. With Portraits* 
8vo. Cloth^ $4,00. 



A wofidtrfully incereiLing volume^ Many a younv man wUi find It fajcinatine. 
The conipiiaLion of die bcoL if a work welJ done^ weH worth the doinE^"— 

*'Oue (he muai VAlu^bk conrributioDB to American literature recenUy made, 
... No better or luon: iiispirme rfijdm^ cuiilU be placed lij ihfi hands of an intelJi- 

*' A valunblo handbook for thtjsc whose work ruhs on ihtsc same Jin«, and h 
liktly t»i prove of biting Interest to those for whom 'Irs dttcutneMtx hutnaim' Ate 
■ecund only to bUtory Ui impomnce— nay, are a vital part of history."— .ffltv^ 

** It k certainly a u«cfuL and convenient volume, and readable loo. if we judee 
correctly of the accuracy of the whole by criticul examination of tbuse cases in 
which titiTOwn knowledge enables us to form an oi>inioi>. ... In general, it sccmi 
to us ihftt the handy volume i» ppecialliy to he commended for seiimg in just his- 
Icrlcal perspective many of the curlier hrientists who are neither very generally nor 
very well known, ^'—AVitf i'ark £vtmx£ FosL 



Pioneers of Evolution^ from Thales to Huxley, 

By Edward Clodd, President of the Folk-Lore So- 
ciety ; Author of " The Story of Creation," The Story of 
* Primitive 'Man,*' etc. With Portraits, i2mo, Clothf$i,5o, 



^'^ Luminous, lucid, orderly, and temiHir^ite. Above all, It i£ ebtirvly free froiii 
penonal partlEanihip/'— Z-^^Hi^dH Acadtmy. 

" A very uiKful guide to tho lives and labors of leading evolutionists of the past 
R,nd present. Especially serviceable \s the accoiiiit of Mr. Herbert Spencer and his 
share in rediBcovertng i:VD]utinn^ and Ulustrating its relations to (he whole field of 
human knowledge/" — London Liitrary Werid, 

The mas* of tnterestlni^ material which Mr. Clodd has got together and woven 
into a symmetrical story nf tlie progress from ignorance and theory lo knowledge 
and the intelligent rect>rding of ii^rx is prodiffinus. ... An importani contributioQ 
to a liberal education."— Daily Chrenidf^ 

*'l|Ve arc always glad to meet Mr. Clodd. He is never dullt ^fj* always well 
tnfornied, and he says what he has to say wiib clearness and precision, . . . The 
interetst intemtifiet as Nfr. Clodd attempts 10 show the part really played In the 

ffowth of the doctrine of cvDlutlDn by men like Wallace, Darwin, Huxley, and 
pencer, , . . We commend the book tO' those who want to know what evolution 
really means.*'— jCflw.tiM* Timti* 
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